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Ross Lang Andrew 1948-2005 


This volume is dedicated to the memory of Ross Lang Andrew, one of the authors featured in this publication, who died 
peacefully at his home in Melbourne, Australia, in April 2005. 


Ross was born in Hamilton, Scotland, in 1948. He wanted to be a geologist from the age of nine and realised his ambition 
in 1971, graduating from Glasgow University with a B.Sc. Honours. He completed his PhD in Mining Geology in 1979 at 
Imperial College, London. His thesis, “The geology, mineralogy and geochemistry of selected metal gossans in southern 
Africa", was the first of many published contributions to economic geology. Stints with Palabora Mining Company, JCI 
and Anglovaal added to Ross’ southern African experience. 


After moving to Australia in 1979, Ross, as a District Manager with CRA Exploration, led the team that discovered the 
Kintyre uranium deposit in Western Australia, establishing the existence ofa new unconformity-vein style uranium province 
in the Proterozoic of the Great Sandy Desert. Here, in charge of a large team of young geologists and support staff 
involved in evaluation and regional exploration, Ross proved a much loved mentor of young professionals; a mantle that 
he carried throughout his life. 


From here, his career took him to Melbourne in 1990, as a General Manager and Chief Geologist for CRA, subsequently 
Rio Tinto, responsible for project generation and evaluation around the world. His growing interest in porphyry style 
mineralisation led to the discovery of the Wafi Cu-Au Porphyry in PNG and subsequent evaluation over four years and the 
discovery of outcropping porphyry mineralisation in two locations in Mindanao, Philippines. During the next 15 years on 
his many excursions in the porphyry belts of the Americas, the Pacific Rim and elsewhere, Ross established himself in the 
porphyry fraternity as a highly regarded friend and professional. 


Ross’ diplomatic manner, language skills and respect for fellow professionals naturally lent htm to negotiating entry to 
emerging exploration regions in the Russian Far East, Argentina, Vietnam, China, India and Iran. His passion for music, 
cycling, golf and cuisine were natural accompaniments to the friendships he formed wherever he went. 


Ross met his wife Teri in Ireland in 1971 where, typically, he had been attending a geological conference, Realising very 
quickly that he had discovered somebody unique, he promptly proposed before leaving for a five month field excursion to 
Burma. Thus a life-long partnership and pattern were established. Ross and Teri were married in 1972 and their daughter 
Cath was bom in South Africa in 1975. As a family they settled in Australia in 1979, initially in Karratha and Perth, and 
then in Melbourne. 


Ross was enthusiastic about everything he did. His priority in life was his family, followed very closely by his love for 


playing guitar and listening to music, getting out on his bike, his model planes and hitting the little white ball. His love for 
the finer things of life, good food, fine wine and quality chocolate, was legendary. 


Throughout his life Ross remained an inspiration to many friends and colleagues, particularly young research geologists. 
He continually encouraged geological enquiry and supported research with open minded generosity. He was a fine mentor, 
a technical expert and a great leader. 


Ross leaves behind Teri, Cath and many friends and colleagues throughout the world. He will be sadly missed and fondly 
remembered. 


Bruce Harvey 
Rio Tinto Limited 
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PREFACE 


T. Mike Porter 
Editor 


Porter GeoConsultancy Pty Ltd, Adelaide, South Australia 


Porphyry-style Cu-Au/Mo deposits are among the most 
sought after targets for both base and precious metal 
exploration in the world today. Of particular interest are 
the “super porphyry” copper and/or gold deposits, because 
of their size, grade and ability to support large scale, long 
life, profitable operations. 


The term “super porphyry” is interpreted loosely in this 
publication, relating in general to the largest deposits in 
any established porphyry province. For a discussion of 
the accepted terminology and size classification of large 
porphyry-style deposits, see the introduction section of 
Richards, (2005) in this publication. 


These two volumes have been designed to provide an 
overview of the distribution, tectonic, geologic and 
metallogenic setting, and the characteristics of the world’s 
largest porphyry-style Cu-Au/Mo deposits and the 
‘provinces’ or ‘belts’ in which they occur. Most of the 
larger deposits covered contain in excess of 5 Mt, up to 
more than 75 Mt of Cu (or more than 750 t of Au). The 
result is a collection of 25 new papers, occupying 550 pages, 
that include overview papers on the occurrence of large 
porphyry systems, as well as descriptions of individual 
porphyry orebodies, districts that contain clusters of 
porphyry deposits and porphyry ‘belts’ or ‘provinces’ that 
embrace strings of such deposits. This has involved detail 
of some deposits that many would not rate as “super 
porphyries”, but which provide an insight into the setting 
of “super porphyries” and the evolution of the provinces 
that contain such deposits. 


Up to the 1960's there was an acceptance by many that 
porphyry copper deposits were restricted to late Cretaceous 
to early Tertiary porphyritic textured “granitic” intrusive 
associations that were localised in the U.S. “South-west”, 
and in northern Chile and southern Peru, and were Cu-Mo 
orebodies (Gilmour, ef. al., 1995). Since then however, it 
has been realised that porphyry-style deposits were formed 
throughout the geologic record and on all continents. 
Substantial deposits are found in the Proterozoic e.g., Haib 
in Namibia, southern Africa; and the ‘porphyry affinity’ 
quartz-vein network at Malanjkand in India; through the 
Palaeozoic, e.g., the Ordovician Bozshakol deposit in 
Kazakhstar (see Seltmann and Porter, in this publication); 
the Ordovician Cadia deposits in Australia (see Porter and 
Glen, in this publication); the Devonian Oyu Tolgoi system 
in southern Mongolia (see Seltmann and Porter, in this 
publication); the Late Carboniferous Almalyk deposit in 
Uzbekistan (see Golovanov et al., in this publication); 


through the Mesozoic, e.g., the Jurassic Dexing deposit in 
south-eastern China (see Rui ef af, in this publication); 
during the Cretaceous and the Tertiary, e.g., many of the 
deposits in western North America in Mexico, the U.S. and 
Canada (see Phillips et al; McMillan; Cook and Porter; — 
all in this publication) and in Chile, Argentina and Peru in 
South America (see Camus; Stern and Skewes; Brown; 
Skewes et al.; Porter; Faunes et al; Masterman ef al; and 
Lipten and Smith; - all in this publication) to giant deposits 
in very young rocks, e.g., the Pliocene Grasberg system in 
Papua, Indonesia (see Paterson and Cloos, in this 
publication) and the similar aged Tampakan deposit in the 
Philippines (see Rohrlach and Loucks, also in this 
puiblication). This list emphasises the wide geographic 
and temporal spread of significant porphyry-style deposits. 


The papers in these two volumes have all been invited, based 
on the editor’s research and design, to provide the global 
perspective the title promises. They cover a comprehensive 
and representative selection of the most important deposits 
throughout the geologic time scale (except the Proterozoic) 
and the main porphyry belts of the world, and concentrate 
on descriptive detail. The authors were selected for their 
expertise and reputation pertinent to the subject of the paper 
they have been asked to prepare. The background and 
credentials of the principal authors to contribute, as well as 
“corresponding author” contacts are listed in a “Biography” 
section at the end of each volume. All papers have been 
carefully reviewed by the editor, an experienced geologist 
who has visited and studied most of the deposits included 
in the two volumes. Selected contributions were also 
submitted for external review, particularly those in which 
the editor ts an author or co-author. 


The papers have been grouped by volume and geographic 
region, namely those relating to South America (the Andean 
belt) and North America (the ‘cordilleran’ deposits) are tn 
volume 1; while those within Australasia (deposits within 
and on the margins of the current Australian Plate) and 
Eurasia (the Southeast Asian Archipelago, the Tethyan 
Orogenic Belt and the deposits of central Eurasia) are in 
volume 2. A general grouping for non-geographic specific 
contributions, is included in volume 1. Within this 
framework, papers are arranged by progressive geographic 
location order along individual belts, while where more than 
one belt is found within the same region, papers from each 
belt are grouped consecutively. Specifically, within the 
Eurasia section, the first two chapters (Rohrlach and 
Loucks; and Rui et al.) relate to deposits on the western 
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margin of the Pacific Plate, while the next three (Hou et al; 
Zarisvandi ef al; and Armstrong et al.) cover three 
representative segments spanning the length of the Tethyan 
(or Alpine-Himalayan) Orogenic Belt in the Himalayas of 
Tibet, in Iran, and the Balkans of south-eastern Europe 
respectively. The focus of the final three papers is the vast 
belt of Palaeozoic to Mesozoic deposits that stretches across 
central Eurasia from the Urals to the Pacific coast (Seltmann 
and Porter; Golovanov ef a/.; and Gerel and Munkhtsengel). 


Conventions and Units 


All units are metric, using standard international 
abbreviations. Mass is expressed in grams (g), kilograms 
(kg), tonnes (t), thousands of tonnes (Kt), millions of tonnes 
(Mt) and billions of tonnes (Gt). Similarly, length (width, 
depth or diameter) is expressed in microns (um), 
millimetres (mm), metres (m) and kilometres (km). 
Absolute ages are recorded as millions of years (Ma) or 
billions of years (Ga) before the present, while age ranges 
are in millions of years (M.y. or m.y.) or thousands of years 
(K.y.). Grades are in percent (96) or grams per tonne (g/t). 
Gold contents are in tonnes (t). For those accustomed to 
ounces, | Moz = 31.10348 tonnes. 
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Spelling has been standardised in all papers to 
“Commonwealth English” as applied in Australia, where 
the volumes are published, and as used (with some 
variations) in the majority of English speaking countries. 
This usage includes ‘metres’, ‘kilometres’, ‘sulphide’, 
‘mineralisation’, ‘mineralised’, ‘colour’, ‘grey’, Archaean, 
and ‘Palaeozoic’. 


References 
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CUMULATIVE FACTORS IN THE GENERATION OF 
GIANT CALC-ALKALINE PORPHYRY Cu DEPOSITS 


Jeremy P. Richards 
Department of Earth & Atmospheric Sciences, University of Alberta, Edmonton, Canada. 


Abstract - The formation of porphyry Cu deposits in calc-alkaline magmatic arcs is considered to be the 
cumulative product of a wide range of processes beginning with dehydration of the subducting oceanic slab. 
No single process is key to the formation of large deposits, but the absence or inefficient operation of any 
contributory process, or the action of a deleterious process, can stunt or prevent deposit formation. 


A starting premise is that normal calc alkaline arc magmas have the potential ultimately to form a porphyry 
Cu deposit (1.e., arc magmas are inherently “fertile”). This characteristic is ascribed to the relatively high 
oxidation state and high H,O, Cl, and S contents of typical arc magmas (metal contents do not need to be 
anomalously enriched). Given the availability of such magma, the next most important factor in the formation 
of large porphyry Cu deposits 1s the flux of this magma reaching the upper crust. The supply of magma must 
be sufficiently voluminous and localised to maintain an active upper crustal magma chamber of 2100 km? in 
order for enough Cu (and S) to be available for extraction by magmatic hydrothermal fluids. These 
requirements imply a long-lived magmatic system rooted in the supra-subduction zone mantle wedge, with 
the formation of an extensive lower-crustal melting and assimilation (MASH) zone. Compressional tectonic 
regimes are thought to favour the formation of such magma bodies as sill complexes deep in the lithosphere. 
Relaxation of compressional stress permits the voluminous rise of buoyant, evolved magmas to upper crustal 
levels, and explains the common occurrence of porphyry Cu deposits at the end of protracted tectono- 
magmatic events. Pre-existing zones of structural weakness in the crust facilitate magma ascent, and dilationa! 
volumes at transpressional jogs and step-overs in strike-slip fault systems provide optimal conditions for 
focused flow and emplacement. The geometry of the upper crustal magma chamber so formed includes a 
cupola zone (commonly $2 km depth) into which bubble-rich, buoyant magma rising from depths of >5 km 
convectively circulates, releasing its volatile load into the overlying carapace. This fluid dynamic mechanism 
enables efftcient partitioning of metals from a large volume of magma into the exsolving hydrothermal 
fluid, and achieves focused delivery of that fluid into the carapace zone. Cooling of the fluid and wallrock 
reactions result in efficient precipitation of metals in association with potassic and, in some deposits, phyllic 
alteration. 


Ore-forming potential may be spoiled by tectonic conditions and histories that do not focus magma generation 
and emplacement, crustal conditions (such as the presence of reduced lithologies in the deep crust) that 
cause early sulphide saturation and segregation, or catastrophic explosive volcanism that destroys the 
magmatic-hydrothermal ore-forming process by venting fluids directly to the surface. 


Exploration indicators for large porphyry Cu deposits include the development of a well-established magmatic 
arc with concentrations of sub-volcanic plutonic centres, localised by large-scale structural features. 


Introduction 


Porphyry Cu-(Mo-Au) deposits, henceforth referred to as 
porphyry Cu deposits, are formed by hydrothermal fluids 
exsolved from subduction-related arc magmas. Porphyry 
Cu deposits are found m association with magmatic arcs 
worldwide, but large deposits tend to be clustered in both 
space and time (Clark, 1993). The host magmatic systems 
tend to be of felsic to intermediate calc-alkaline 
composition, although these upper crustal magmas are 
derivative from more mafic, ultimately mantle-derived, 
sources. Indeed, more mafic (dioritic) host rocks commonly 


occur in tsland arc settings where the crust is thinner 
(implying less differentiation and crustal interaction), and 
more alkaline (shoshonitic) intrusions occur in back-arc 
settings where rapid magma ascent from depth is facilitated 
by extensional tectonics. There is a general tendency, with 
many exceptions, for the latter two deposit associations to 
be relatively Au-rich (Kesler, 1973; Kesler et al, 1977; 
Jones, 1992; Sillitoe, 1989, 1993, 1997, 2000; Lang et al., 
1995). 


A fundamental tenet of this paper is that the formation of 
calc-alkaline porphyry Cu deposits is a normal, if rare, 
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product of arc tectono-magmatic processes (Burnham, 
1981; Cline and Bodnar, 1991; Cline, 1995). The rarity of 
large porphyry Cu deposits is interpreted to be not so much 
a function of unique events, as a fortuitous convergence of 
common processes that act together or cumulatively to 
optimise conditions for ore formation. In this paper the 
terms “large” and “giant” deposits are used in a general 
sense to describe unusually large systems in terms of their 
metal content. Note, however, that the word “giant” has 
been given specific meaning by Clark (1993; following the 
National Academy of Sciences, 1975), and refers to deposits 
containing 3.2 to 10 Mt (ie. million tonnes) of Cu (“super- 
giant” deposits contain 10 to 31.2 Mt Cu, and 
“behemothian” >31.2 Mt Cu). Examples of porphyry Cu 
deposits containing >10 Mt Cu include Chuquicamata, El 
Abra, La Escondida and El Teniente in Chile, Cerro 
Colorado in Panama, Grasberg in Indonesia, Sar Cheshmeh 
in Iran, Cananea in Mexico, and Bingham Canyon in the 
USA (Clark, 1993). 


This paper reviews the range of processes that affect arc 
magmas and their exsolved hydrothermal fluids from 
magmagenesis to mineral precipitation, and discusses how 
these factors contribute to ore-forming potential. Such 
processes control the total metal content of the deposits, 
and also the hypogene grade and metal ratios. Ultimately 
however, the economic value of a porphyry Cu deposit may 
have little to do with the size of the hypogene system, but 
instead may be controlled by post-emplacement processes 


--- Sea level 
. Oceanic crust 


Oceanic mantle 
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Asthenosphere 


such as uplift, erosion, and weathering history. These 
secondary aspects of ore deposit evolution are beyond the 
scope of this paper. 


Sources and Characteristics of Primary 
Arc Magmas 


Slab Dehydration, Mantle Metasomatism, and Partial 
Melting 


Calc-alkaline arc magmas are believed to be derivative from 
primary melts generated in the asthenospheric mantle 
wedge above a subducting oceanic plate (Fig. 1; Tatsumi 
et al., 1986; Peacock, 1993; Arculus, 1994). The unique 
chemical characteristics of arc magmas, such as their high 
H,O and sulphur contents, high large-ion lithophile element 
(LILE: Rb, K, Cs, Ba and Sr) concentrations, enrichments 
in Li, B, Pb, As and Sb, and relative depletions in Ti, Nb 
and Ta, are attributed to metasomatism of the mantle wedge 
by fluids released from the subducting slab (e.g., Davidson, 
1996; Noll et al., 1996; de Hoog et al., 2001). High-pressure 
(~3 GPa), low-temperature (700-800°C) metamorphic 
conversion of the oceanic crust from blueschist to eclogite 
facies rock at a depth of ~100 km involves the breakdown 
of hydrous minerals such as serpentine, amphibole, zoisite 
and lawsonite (Tatsumi, 1986; Schmidt and Poli, 1998; 
Winter, 2001; Forneris and Holloway, 2003) with the release 
of a fluid phase enriched in water-soluble elements (LILE, 
sulphur, halogens). These fluids infiltrate and hydrate the 
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Figure 1: Structure and processes in a subduciion zone and continental arc (modified from Winter, 2001, and 
Richards, 2003a). Primary arc magmas are derived from partial melting of the mctasomatised mantle wedge. Pooling 
of these mafic magmas at the basc of the overlying crust results in crustal melting and assimilation, with storage and 
homogenisation in large lower crustal sill complexes (MASH process). After evolution to less dense compositions, 
intermcdiatc-composition magmas rise to upper crustal levels. 20% of these magmas may crupt at the surface. 
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overlying mantle, thereby lowering its solidus temperature 
and making it more susceptible to melting. Convection of 
this hydrated material into warmer parts of the mantle 
wedge (>1000°C), or direct fluid infiltration, results in 
partial melting to form primary arc magma. 


Analyses of primitive (minimally evolved) magmas from 
island arcs suggest that the primary magma composition is 
a high-Mg basalt with 1.2-2.5 wt. % H,O (Arculus, 1994; 
Sobolev and Chaussidon, 1996). 


Slab Melting (Adakites) 


Primary magmas in subduction zones may also be generated 
under certain conditions by direct melting of subducting 
oceanic crust, producing adakites. Adakitic magmas have 
recently been implicated in porphyry Cu deposit formation 
by some authors (e.g., Thiéblemont et al., 1997; Oyarzun 
et al, 2001). Normally, the geothermal gradient followed 
by the slab does not reach high enough temperatures at 
shallow enough depths for melting to occur, and the slab 
instead undergoes dehydration (as described above). 
However, under conditions of high-temperature, shallow, 
or stalled subduction, wherein the slab resides at shallow 
depths for extended periods of time and warms more 
extensively, melting of the metamorphosed basaltic crust 
has been proposed to occur (Defant and Drummond, 1990). 
Such conditions are favoured by the subduction of young 
($25 m.y.-old) and therefore buoyant oceanic lithosphere 
(Defant and Drummond, 1990; Peacock et al., 1994), where 
the plate is torn at discontinuities in subduction angle 
(Yogodzinski et al., 2001), or during tectonic 
reconfigurations such as subduction zone reversal, arc 
migration, or arc collision. 


Slab melts have been modelled as having high-alumina 
andesitic to dacitic bulk composition, and are characterised 
by low Y and heavy rare earth element (HREE), and high 
Sr concentrations, due to the presence of residual 
hornblende and garnet in the eclogitic source rock 
(e.g., SIO, 2 56 wt.%, ALO, 2 15 wt.%, MgO usually > 3 
wt.%, Y € 18 ppm, Yb < 1.9 ppm, Sr > 400 ppm; Defant 
and Drummond, 1990). 


Defant and Drummond (1990) based their model of adakite 
petrogenesis primarily on island arc magmas where 
contamination from continental crustal sources was absent. 
However, these same geochemical characteristics can be 
generated by partial melting of garnetiferous (eclogitic or 
garnet amphibolitic) lower continental crust, and so the 
identification of rocks with adakitic chemical signatures in 
continental arcs is not a proof of origin by slab melting. 
Oyarzun et al. (2001) proposed that magmas involved in 
the formation of large Eocene-Oligocene porphyry Cu 
deposits in northern Chile were derived from slab melts 
because of their high Sr/Y and La/Yb ratios, but Rabbia 
et al., (2002) and Richards (2002) argued that these 
geochemical signatures were imparted by deep crustal 
processes resulting from progressive thickening of the 
Andean crust (see also Haschke et al, 2002; Garrison and 
Davidson, 2003). At present, there is no clear indication 
that slab melts are critical to the formation of porphyry Cu 
deposits. 
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Primary Arc Magmas: Factors Affecting Metallogenic 
Potential 


Porphyry Cu deposits are typically associated with suites 
of normal calc-alkaline arc magmas, for which partial 
melting of the metasomatised mantle wedge is the generally 
accepted origin. Dilles (1987) and Cline and Bodnar (1991) 
have argued that such magmas are inherently capable of 
forming economic porphyry Cu deposits (i.e., they are 
“fertile”), and that special magmas or special magmatic 
processes are not required. 


The chief characteristics that make calc-alkaline arc 
magmas fertile derive ultimately from the slab dehydration 
process, which transfers water, sulphur, halogens, LILE, 
and possibly metals into the mantle wedge. Porphyry Cu 
deposits are characterised primarily by extreme enrichments 
in sulphur and potassium (Hunt, 1991) introduced by 
exsolved saline magmatic fluids, and as such the primary 
enrichment of arc magmas in these metasomatic 
components gives them an obvious advantage as potential 
sources over other common magma types, such as relatively 
alkali- and volatile-poor mid-ocean ridge basalts (MORB) 
or ocean island basalts (OIB). 


In addition to these elemental characteristics, arc magmas 
are also relatively oxidised, commonly up to two log fo 
units above the fayalite-magnetite-quartz buffer (FMQ+2; 
Brandon and Draper, 1996; Parkinson and Arculus, 1999; 
Einaudi et aL, 2003). Oxidation of the mantle wedge ts 
another product of aqueous fluid metasomatism. Oxidation 
state is important because it affects the speciation and 
solubility of sulphur in the melt, as well as the stability of 
residual sulphide phases in the mantle. Under oxidising 
conditions, sulphide phases are increasingly destabilised, 
and sulphur solubility, as dissolved sulphate species, 
increases in the melt (Carroll and Rutherford, 1985). For 
example, Jugo et al., (2001, 2003) have shown 
experimentally that the solubility of S as sulphate in basaltic 
melts at mantle pressures can be as high as 1.5 wt. % S 
under oxidising conditions (2FMQ+2). The effect is that 
chalcophile elements (e.g., Cu and Au, which normally 
partition strongly into sulphide phases relative to silicate 
magma) will behave as incompatible elements and will 
dissolve into the melt. Thus, primary arc magmas should 
contain relatively high concentrations of chalcophile metals 
compared with other more reduced mantle-derived 
magmas, 


Mungall (2002) has taken this argument a step further and 
has proposed that adakitic slab melts are particularly 
effective mantle oxidising agents because they might 
contain a high content of ferric iron derived from oxidised 
sea floor basalts. Although this model seems unlikely to 
be a general cause of metal enrichment in normal calc- 
alkaline porphyry Cu deposit-forming magmas for the 
reasons outlined above (i.e., slab melts are of rare and 
restricted occurrence), such a mechanism may well apply 
to the formation of unusually Au-rich porphyry deposits 
formed in atypical arc settings, such as during arc reversal 
or arc collision, where stalled slabs might undergo partial 
melting (cf. Solomon, 1990; McInnes and Cameron, 1994; 
Richards, 1995; Sillitoe, 1997). 
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Deep Lithospheric Processing of Arc 
Magmas 


Porphyry Cu deposits form both in island arcs with 
relatively thin mafic crust, and continental arcs with variable 
to thick felsic crust. This first order relationship suggests 
that the composition and character of the upper plate 
lithosphere is not a primary control on the fertility of arc 
magmas (although it may affect ore metal ratios; 
e.g., Kesler, 1973). Nevertheless, all arc magmas, even 
the most primitive, undergo some degree of interaction with 
the lithosphere during their ascent towards the surface, and 
in continental arcs it has been estimated that evolved 
magmas entering the upper crust have undergone tens of 
percent of crustal contamination (McBirney et al, 1987; 
Hildreth and Moorbath, 1988). Thus, it is important to 
consider how processes of crustal interaction might affect 
the evolution of potentially ore-forming magmas. 


In continental arcs, Hildreth and Moorbath (1988) 
envisaged primitive basaltic magmas intruding the 
overlying dense mantle lithosphere until they reach the base 
of the crust (Fig. 1). Being denser than crustal rocks, the 
magmas pool in sill complexes at this level and conduct 
heat into the overlying crust as they begin to crystallise. If 
the magmatic flux is sustained, temperatures at the base of 
the crust will rise and cause partial melting of crustal rocks. 
These felstc crustal melts will mix with the evolving mantle- 
derived melts to form hybrid intermediate-composition 
magmas, with densities that are now lower than typical 
crustal rocks (see Richards, 2003, for a review). These 
magmas can then rise buoyantly towards the surface. 
Hildreth and Moorbath (1988) termed this combination of 
crustal melting and assimilation by primary basaltic 
magmas, magma storage at the base of the crust, and magma 
homogenisation, the MASH process. 


The MASH Zone: Factors Affecting Metallogenic 
Potential 


MASH processing enhances the fertility of arc magmas by 
further concentrating volatiles and incompatible elements 
(including chalcophile metals in oxidised magmas) in the 
evolved melts, It is likely, although not essential, that some 
metallic components will also be added to the magma from 
assimilated crustal materials, and such processes may 
explain second-order variations of metal contents and ratios 
in ore deposits derived from contrasting basement terranes, 
as observed for example in Arizona (Titley, 1987, 2001). 
In addition, fractionation of sulphide melt or minerals at 
any point during the evolution of these magmas could have 
a significant effect on chalcophile metal ratios due to the 
much lower abundance of Au and its higher partition 
coefficient in sulphides, compared with Cu (Campbell and 
Naldrett, 1979). Residual or fractionated sulphide phases 
would thus remove much of the Au from the melt, but would 
not significantly affect Cu concentrations unless the volume 
of sulphide was large (Fig. 2). It may be partly for this 
reason that Au-rich porphyry deposits are commonly 
formed from more mafic and more oxidised magmas, in 
which sulphide saturation and fractionation has not occurred 
(e.g., Hamlyn et al, 1985; Bornhorst and Rose, 1986; 


Richards et al., 1991; Spooner, 1993; Wyborn and Sun, 
1994; Richards, 1995; Sillitoe, 1997, 2000). 


Just as MASH-zone processes may affect metal ratios in 
derived magmas, they may also affect the mass of metals 
available for later mineralisation. The build-up and storage 
of large volumes of magma at the base of the crust during 
prolonged MASH episodes increases the overall volume 
of fertile magma that can subsequently rise into the upper 
crust. If it is accepted that the metals and S in porphyry Cu 
deposits are derived primarily from the associated magma, 
then the more magma available, the larger the potential ore 
deposit. Thus, large porphyry Cu districts tend to be 
associated with large, long-lived, magmatic events, 


Following Takada (1994) and others, Richards (2003a) 
argued that periods of compression in an arc may promote 
extensive MASH zone development by favouring deep 
crustal sill formation over vertical dyke propagation. 
Porphyry Cu deposits are commonly observed to form late 
In any given tectono-magmatic cycle in the arc 
(e.g., Maksaev and Zentilli, 1988; McKee and Noble, 1989; 
McCandless and Ruiz, 1993; Richards et al., 2001; 
Richards, 2003b), corresponding to periods of stress 
relaxation and large-volume ascent of evolved magmas into 
the upper crust, Although magmas derived at other times 
in the tectono-magmatic cycle from less well developed 
MASH zones are probably still fertile, they may not be 
emplaced into the crust with sufficient flux (i.e., volume 
and rate) to trigger or sustain effective ore-forming systems. 


Arc Magma Ascent and Emplacement 


The MASH process generates evolved (andesitic) magmas 
that are more buoyant than the surrounding crustal rocks. 
Buoyancy forces will drive magma ascent through the crust, 
perhaps initially as diapirs in the hot, ductile lower crust, 
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Figure 2: Variation of Cu and Au concentrations in sulphide 
melt coexisting with silicate meit as a function of 
R = (mass of silicate melt)/(mass of sulphide melt) 
(Campbell and Naldrett, 1979), Cu is onty depleted in the 
magma if large amounts of sulphide remain in the mantle (>0.1 
wt. %: R < 1000), whercas Au-rich magmas can only form 
when sulphide abundance falls below ^1 ppm (R > 106), 
Assumed sulphide/silicate melt partition cocfficients are DCu 
= 1000, DAu = ۱05: assumed metal concentrations in magma 
in absence of sulphide: Cu = 50 ppm, Au = 5 ppb. 
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but predominantly as dykes in the cooler middle and upper 
crust (Fig. 3; see review by Richards, 2003a). Dykes are 
magma-filled fractures, held open by hydraulic pressure 
transmitted from the buoyant magma column. Where large 
volumes of vertically-connected buoyant magma exist, 
these forces can easily exceed the lithostatic pressure plus 
the tensile strength of crustal rocks at the top of the dyke, 
resulting in upward propagation through the crust (Lister 
and Kerr, 1991; Clemens and Mawer, 1992), 


Like faults and fractures, dykes propagate in the 6 ,-6, plane 
perpendicular to .وی‎ Thus, ideal conditions for vertical dyke 
formation are tensile or shear tectonic stress, with O, 
oriented horizontally. In contrast, horizontal compressional 
stress (O, vertical) will favour sill formation (Parsons et 
al., 1992). It is for this reason that periods of voluminous 
upper crustal plutonism tend to follow compressional 
orogenic episodes, during which large volumes of magma 
are built up in lower crustal sill complexes (McNulty et al.. 
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1998; Simakin and Talbot, 2001). Upon relaxation of 
compressional stress or a switch to shear stress, dyke 
propagation is facilitated and vertical magma flow ensues. 
Because of the ability of dykes to become self-propagating, 
and due to the progressive warming of the conduit as fresh 
magma continues to pass through it, this process is likely 
to accelerate so long as a sufficient magma supply exists. 
Thus, it has been estimated that dyke-supplied mid-to-upper 
crustal plutons can be filled on time scales of 104-105 years 
(Paterson and Tobisch, 1992; Petford, 1996; de Saint- 
Blanquat et al., 2001). These filling rates are comparable 
to or exceed the expected convective cooling rates of upper 
crustal plutons (e.g., $104 years; Cathles, 1981), such that 
a continuously molten magma chamber can be maintained 
while magma supply lasts. 


Although magma buoyancy forces may be sufficient to form 
self-propagating dykes, suitably oriented pre-existing 
fractures and faults in the crust will provide paths of lower 
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Figure 3: Schematic cross-section of magma transport 
in a trans-lithospheric shear zone; sce text for 
details. Inspired by Brown (1994) and Vignercsse 
and Tikoff ([999); modified from Richards (2003a). 
No vertical exaggcration, but note mid-crustal scale 
change. PCD = porphyry copper deposit. 
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resistance for magma ascent. For this reason, large-scale 
crustal fracture zones, or lineaments, commonly focus the 
ascent of deeply derived magmas (Richards, 2000, and 
references therein). Especially favourable loci for magma 
ascent occur at jogs or step-overs on strike-slip fault 
systems, where vertically-oriented extensional volumes 
may form (Fig. 3; Brown, 1994). 


Magma Ascent: Factors Affecting Metallogenic Potential 


In sufficiently large trans-lithospheric magmatic systems, 
the mineralising potential of the magma is unlikely to be 
lost on ascent through the crust, because, once started, the 
transfer of mass from the lower to the upper crust is rapid 
(ascent rates of 10? to 10 m/s have been estimated by 
Clemens and Mawer, 1992, and Petford, 1996), However, 
the ability to construct a mid-to-upper crustal magma 
chamber of sufficient volume to sustain an ore-forming 
magmatic-hydrothermal system depends critically on the 
magma flux. If the supply rate is too slow, magma will 
tend to freeze in dykes en route to the surface (Clemens 
and Mawer, 1992), but if the flux ts high and is sustained 
over a significant period of time, large, long-lived magma 
chambers can be constructed. There is now considerable 
evidence that large porphyry Cu deposits form, perhaps in 
pulses, over periods of time significantly greater than that 
expected for simple cooling of the small host plutons 
(diameters commonly «1 km, cooling <<] m.y.), suggesting 
that recharge ofthe underlying mid-to-upper crustal parental 
magma chamber from a deeply-rooted lower crustal 
magmatic system may be essential to producing large ore- 
forming systems (e.g., Damon, 1986; Marsh et al, 1997; 
Richards et al., 1999, 2001; Ballard et al., 2001). 


The apparent necessity of a sustained, voluminous magma 
supply for formation of large porphyry Cu deposits means 
that optimum ore-forming conditions may occur at the end 
of prolonged periods of tectonic compression and lower 
crustal MASH processing, when stress relaxation facilitates 
magma ascent. This timing is consistent with the late 
appearance of porphyry Cu deposits in many arc cycles 
around the world (e.g., Richards, 2003a,b, and references 
therein). 


In addition to these timing constraints, the locations of 
maximum magma flux into the upper crust may be 
controlled by pre-existing crustal-scale faults, and 
particularly by fault intersections or deflections in strike- 
slip fault systems where pull-apart volumes may be created 
by transpression or transtension. The emplacement of large 
porphyry Cu deposits at or near such loci has been proposed 
in several instances, such as Chuquicamata (Maksaev and 
Zentilli, 1988; Lindsay et al, 1995), La Escondida 
(Richards, 1999; Richards et al., 1999, 2001; Padilla Garza 
et al., 2001), and Bajo de la Alumbrera (Sasso and Clark, 
1998; Chernicoff et al., 2002). 


In combination, therefore, constraints of timing (at the end 
of tectono-magmatic epochs) and location (at or near major 
fault intersections or deflections) provide powerful tools 
for predicting the locations of large porphyry Cu deposits 
in magmatic arcs. These considerations do not prohibit 
deposits from forming at other times and in other places 
within the arc, but under non-optimal conditions large 
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deposits are less likely to form. It should also be noted 
that the surface expressions of deep crustal fault systems 
typically occupy broad structural zones several kilometres 
wide, in keeping with the vertical scale (tens of kilometres) 
of such systems (Richards, 2000; Chernicoff et al, 2002). 
Predicting the locations of porphyry-forming systems 
within these fault zones on this basis to better than a few 
kilometres is likely, therefore, to be difficult. Nevertheless, 
even at this distance one is likely to be able to observe 
distal hydrothermal alteration effects (e.g., propylitic 
alteration), which can extend >5 km from the core of a 
large magmatic-hydrothermal system. Thus, the potential 
of such structural zones can be rapidly assessed using 
remote sensing and field reconnaissance methods. 


Upper Crustal Magmatic 
Hydrothermal Processes 


and 


Development of Upper Crustal Magma Chambers 


The focus of this review so far has been on the generation 
of fertile magmas at depth and their transport into the upper 
crust. A problem arises, however, if these magmas do not 
stop within the crust (as intrusions) but erupt at the surface. 
Voluminous eruption is obviously not conducive to the 
formation of pluton-related ore deposits. However, despite 
the impressive appearance of large stratovolcanoes, it has 
been estimated that only ~20% of the magma generated in 
an arc actually reaches the surface (Carmichael, 2002). The 
remaining 80% either freezes en route from the lower crust, 
or forms plutons within the upper crust. In addition, the 
most voluminous volcanic eruptions associated with 
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Figure 4: Variation of densities of magmas and rocks with 
pressure (aficr Herzberg et al., 1983). Whercas basaltic magmas 
arc denser than most crustal rock types, andesitic magmas are 
lighter and may risc to the surface driven by buoyancy forces 
alone. 


magmatic arcs probably do not involve subduction zone 
magmas or their differentiates, but instead involve crustal 
melts formed after prolonged periods of crustal thickening 
and heating (e.g., the Altiplano-Puna volcanic complex; 
de Silva, 1989). Such magmatic systems are not prospective 
for porphyry Cu deposits. 


Although intermediate composition (andesitic to dacitic) 
arc magmas are less dense than typical crystalline crustal 
rocks, unvesiculated magmas are more dense than many 
supracrustal lithologies (Fig. 4; Herzberg et al., 1983). 
Thus, in the absence of vesiculation or excess magma 
pressure (from hydrostatic head), magmas will tend to pool 
at their level of neutral buoyancy, which is typically close 
to the basement/supracrustal contact where rock density 
decreases (Fig. 5; Glazner and Ussler, 1988; Walker, 1989; 
Lister and Kerr, 1991). Alternatively, their ascent may be 
checked by rheological boundaries, such as the brittle- 
ductile transition zone (10-15 km depth, or shallower in 
regions of high heat flow such as active magmatic arcs; 
Vigneresse, 1995). Plutons will form at these levels by 
lateral propagation and inflation of sills to form laccolithic 
(by roof lifting) or lopolithic (by floor depression) magma 
chambers (Cruden, 1998; de Saint-Blanquat et a/., 2001). 
Patanè e! al. (2003) have recently described such a system 
beneath the active Mount Etna volcano, in which a large, 
structurally-located, sill-dyke-complex at 6-15 km depth 
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feeds a shallower magma reservoir 3-5 km beneath the 
volcano. Roof lifting due to magma chamber inflation is 
indicated by GPS measurements and seismic records of 
normal faulting from 0-5 km depth beneath the edifice. 


If the supply of magma is maintained at a sufficient flux, 
the magma chamber will remain molten and the pluton will 
expand. In contrast, a lower flux will result in freezing of 
the pluton, with any later magma injections forming 
separate small intrusions from which heat and fluids will 
be dissipated ineffectually. Progressive development of a 
large upper crustal magma chamber will likely involve at 
least some volcanism, and also the emplacement of shallow- 
level sub-volcanic stocks or apophyses inflated by evolved, 
volatile-rich, low-density magma (Fig. 5; Damon, 1986). 
The three-dimensional form of stocks associated with 
porphyry Cu deposits ts characteristically vertically 
elongate, resembling a narrow finger (1-2 km-diameter) 
extending to within —1 km of the surface from a source 
pluton several kilometres below (Norton, 1982). 


Volatile Exsolution 


Volatile exsolution is an inevitable result of the cooling 
and fractionation of hydrous arc magmas (water contents 
in hornblende-phyric andesitic and dacitic magmas exceed 
4 wt.% H,O; Burnham, 1979, 1997; Naney, 1983; 
Hedenquist et al., 1998). The large volume increase 
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Figure 5: Schematic cross-section through a porphyry Cu forming volcano-plutonic system (modificd from Richards, 


2003a) After pooling at an upper crustal density or rheological barricr (LNB = level of ncutral buoyancy), intermediate 
composition magmas continuc to evolve and inject apophyscs to shallow levels (some magma may crupt). Evolved, 
bubble-rich magma is convected into the cupola zone where it releases volatiles, with resultant potassic (K) alteration. As 
these fluids cool, they progressively deposit metal sulphide mincrals, and alteration becomes hydrolytic (phyllic: Ph). 
Intense hydrolytic (advanced argillic: AA) alteration develops ncar surface. Propylitic alteration (Pr) is developed in the 
surrounding country rocks by the convective circulation of heated groundwatcrs. 
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resulting from this process, combined with the greatly 
lowered bulk density of vesiculating magma, is a major 
cause of volcanic eruptions (Eichelberger, 1995). These 
same volatiles, however, if separated from the magma 
without direct eruption to surface, will cause hydrothermal 
alteration and, potentially, porphyry Cu-style 
mineralisation. To form an economic deposit, large 
volumes of this fluid must be channelled through and 
reacted with small volumes of rock in order to focus mineral 
deposition. Wide dispersion of fluids, or venting to surface 
prior to cooling, will not result in porphyry-type ore 
formation. 


Volatiles exsolve initially from magma as small bubbles 
(Candela, 1991). Although much less dense than the 
magma, escape of these bubbles is hampered by melt 
viscosity and the presence of crystals (Cloos, 2001). 
Instead, the bubble-rich magma may rise convectively to 
the top of the chamber as a buoyant plume (Shinohara e al, 
1995). As the magma rises, the bubbles will expand further 
in response to pressure decrease, and may eventually 
coalesce to form a volatile-rich carapace (Whitney, 1975). 
The degassed, denser magma will sink away to make room 
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for fresh, hot, buoyant magma in a convective process that 
continually releases new volatiles and heat into the 
carapace. In this way, Shinohara et al. (1995) and Cloos 
(2001) envisage that the exsolution of volatiles from a large 
volume of magma could be spatially focused in the apical 
portions of the magma chamber, and, moreover, that this 
cupola zone could be maintained at magmatic temperatures 
for as long as convective overtum continues. This condition 
is considered to be a prerequisite for porphyry Cu formation, 
because the volumes of syn-mineralisation intrusive rocks 
exposed in most such mines are insufficient to explain the 
large quantities of metals and sulphur if typical magmatic 
concentrations of these elements are assumed. These 
components must instead have been efficiently extracted 
from much larger volumes of magma at depth, and 
transported into the apical zones by convection (Cloos, 
2001). 


The chemical and physical state of the exsolved magmatic 
fluid varies significantly with depth, and is a primary factor 
in controlling the partitioning of metals from the magma 
into the fluid phase. Kilinc and Burnham (1972) showed 
that chloride contents of initially exsolved aqueous fluids 
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Figure 6: Isotherms in P-X space for the NaCI-H20 system (after Pitzer and Pabalan, 1986). Depth is plotted on the right-hand axis, 
assuming lithostatic pressure and a crustal density of 2.7 e/em?. A supercritical aqucous fluid with 10 wt. % NaCl exsolves from magma in a 


chamber at 700°C and 7 km depth (point A). As it rises into the cupola 
phase separation from ~4.6 km depth (point B), condensing a salinc brinc 


zonc in a convecting plume of bubbly magma, it undergoes aqueous 
(C) from a vapor that rapidly decreases in salinity as it continues to 


rise and cool (dashed linc B-D). By 2 km depth, the two-phase fluid at 600°C will consist of a low density vapour (~0.6 wt. % NaCl; point D) 


and a high salinity brinc (~60 wt. % NaCl; point E). Cu is initially transportc 
to phase separate and cool. Inset shows fluid inclusions from the Bigham Canyon porphyry, 


liquid phases similar to fluids D and E. 


d by the supercritical fluid, and then deposited as the fluid begins 
Utah, which have trapped cocxisting vapour and 


increase with pressure, and Candela and Holland (1984) 
showed that Cu solubility in these fluids increases with Cl 
content. Thus, optimum conditions for partitioning of Cu 
into a saline magmatic hydrothermal phase appear to be at 
pressures 21 kbar (depths >4 km; Cline and Bodnar, 1991; 
Cline, 1995). This result implies that initial segregation of 
metalliferous fluids from the magma must occur well below 
the level of the shallow-level apophyses that typically host 
ore (1-2 km), and that these fluids then rise, in a buoyant 
bubble-rich magma plume, into the cupola zone, Efficient 
sequestering of metals by the aqueous phase would be 
expected during ascent of this intimately mixed bubbly 
plume. 


Phase relationships in the H,O-NaCl system and 
experimental models indicate that fluids exsolved at ~700°C 
and pressures 21.2 kbar will be supercritical (single phase), 
and with salinity near 10 equiv. wt. % NaCl (Fig. 6; 
Sourirajan and Kennedy, 1962; Pitzer and Pabalan, 1986; 
Cline and Bodnar, 1991; Cline, 1995). Upon ascent and 
depressurisation however, these fluids will undergo phase 
separation to form a high salinity brine and a lower salinity 
vapour, the latter becoming rapidly more dilute as pressure 
falls (Fig. 6; Henley and McNabb, 1978). The bulk of the 
Cu is probably transported by the saline brine, although 
some metal also appears to be transported in the early high- 
temperature vapour phase (Lowenstern et al., 1991; 
Heinrich eż al., 1999; Williams-Jones et al., 2002, 2003). 


Magmatic-hydrothermal Processes: Factors Affecting 
Metallogenic Potential 


Maintaining metallogenic potential of the ascending arc 
magmas is, until their arrival in the upper crust, largely a 
function of magma flux (i.e., supply rate and volume). In 
other words, a sufficient volume of metal-bearing magma 
must be delivered into the upper crust, and it must be 
delivered quickly enough to maintain it in a molten state 
while metals are partitioned into a hydrothermal fluid phase. 
Once the magma is emplaced, a large number of variables 
play a role in determining the efficiency of this metal 
transfer process, including magmatic volatile content 
(especially H,O, Cl, and S), oxidation state, depth of 
emplacement, form of the sub-volcanic apical region, and 
eruptive history. These are variables that are largely unique 
to any given body of magma and its crustal environment 
(including rheological, structural, and tectonic regime), and 
are therefore hard to predict. Nevertheless, these factors 
may all or individually exert absolute control on ore 
formation, For example, if the aqueous fluid phase is 
exsolved late or in small volumes, minimal hydrothermal 
transport of metals will occur, and no ore deposit will be 
formed (Cline and Bodnar, 1991). 


Of major and overriding importance is the need for the 
hydrothermal fluid phase to interact with a large volume 
of magma, because Cu concentrations in intermediate 
composition magmas are quite low (10-150 ppm Cu; Gill, 
1981). Cline and Bodnar (1991) and Cline (1995) have 
suggested that a moderate-sized porphyry Cu deposit could 
be formed from as little as 30-50 km? of magma, although 
larger volumes (perhaps 300 km?) might be required to form 
a behemoth such as El Teniente. [Note that Cloos (2001) 
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suggested that a magma volume ten times this size would 
be required to supply all the metal in the El Teniente 
porphyry Cu deposit (293 Mt Cu; Skewes et al., 2002), but 
in personal communication Mark Cloos (2003) agrees that 
there was an order-of-magnitude error in this calculation.] 
A simple mass balance calculation supports this view: 


Average [Cu] in andesitic magma 
2Cu in super-giant ore deposit 
Requires 10 Mt / 60 ppm of magma 
= 1.7 x 1011 tof magma 
=2.7 pcm =2.7 t/m? 
= (1.7 x 101'/2.7) m? 
=~ 6.3 x 101% n? 
= 63 km? 


Accepting that extraction efficiencies will be well below 
100%, minimum volumes of at least 100 km? of magma 
are therefore probably required to form super-giant 
(>10 Mt Cu) orebodies. 


= 60 ppm Cu 
= 10 Mt Cu 


Magma density 
Magma volume required 


Assuming 100% extraction efficiency 


Similar mass-balance calculations for sulphur, if based on 
typical sulphur solubilities in felsic magmas (100 ppm), 
suggest that volumes in excess of 4800 km? would be 
required to form the 30 Mt Cu Bingham Canyon porphyry 
deposit (Hattori and Keith, 2001). However, as these 
authors point out, the volume decreases by more than an 
order of magnitude (to 152 km?) if a more mafic source 
magma with higher sulphur solubility is used in the 
calculation (see also Wallace, 2001). The latter scenario 
seems logical in the light of the preceding discussion of 
arc magma evolution, in which magma compositions were 
shown to evolve from primary high-Mg basalts generated 
in the mantle wedge (containing up to 1.5 wt. % S; Jugo 
et al, 2001, 2003), to the intermediate to felsic magmas 
that are ultimately emplaced in the upper crust. The latter 
are derivative compositions, and are not representative of 
the bulk magma flux. 


The volumes of magma (102-103 kr?) suggested by these 
calculations imply active connection between the upper 
crustal cupola zone (with a volume of only a few km?) and 
a mid-crustal magma chamber of batholithic proportions. 
For example, Dilles and Proffett (1995) have shown that 
the Yerington porphyry district was underlain by a 
differentiating batholith of >1000 km?, and Ballantyne et 
al. (1995) suggested that the Bingham Canyon porphyry 
was underlain by a batholith of >5000 km?. Although 
batholiths are a common feature of arcs, they are mostly 
constructed slowly from individual plutons over several 
millions of years (e.g., Cobbing, 1982), and so may not 
provide the degree of continuous magmatic activity required 
to source a large porphyry system. Active magma chambers 
of sufficient size may be quite rare in the history of an arc, 
although evidence for the present-day existence of a large 
mid-crustal magma chamber (~20 km depth) has recently 
been found beneath the Altiplano-Puna region of the central 
Andes (Schilling and Partzsch, 2001; Zandt et al, 2003). 
The rarity of formation of magma sources of this volume 
may partially explain the rarity of large porphyry Cu 
provinces. However, when conditions are suitable for the 
formation of regionally extensive mid-crustal magma 
chambers, then the evolution of multiple porphyry Cu 
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systems might be expected. This condition could explain 
the common clustering of such deposits, both in space and 
time (e.g., Sillitoe, 1988). 


Summarising the above discussion, the construction of 
large, active magma chambers requires a high magma flux 
from depth, which brings us back to the necessity of 
developing a large-volume MASH zone as a precursor for 
giant porphyry Cu deposit formation. 


Mafic Magma Recharge 


Recently, Hattori and Keith (2001) have argued that 
recharge of upper crustal felsic magma chambers by 
primitive mafic melts might be an essential step in the 
formation of large porphyry Cu deposits, because of the 
higher concentrations of chalcophile metals and sulphur in 
mafic magmas compared with felsic melts. In support of 
this theory, Hattori and Keith (2001) pointed to the Bingham 
Canyon porphyry Cu deposit and the 1991 Mt, Pinatubo 
eruptions, where evidence for mingling of felsic and mafic 
magmas can be found. 


Magma mixing is a common feature of eruption products 
from arc volcanoes, and has been suggested to be a trigger 
for some explosive volcanic eruptions (Walker, 1989; de 
Silva, 1991; Feeley and Davidson, 1994; Eichelberger, 
1995; Straub and Martin-Del Pozzo, 1996; Murphy et al., 
2000; Schmitt et al., 2001). However, in most such cases 
the mafic end-member is not “primitive” in the strict sense 
of the word (1.e., a minimally evolved magma with high Ni 
and Cr content), but merely a less evolved mafic-to- 
intermediate magma from the same deep-seated magmatic 
system. The ascent of truly primitive magmas to shallow 
crustal levels is uncommon in volcanic arcs, and is 
particularly rare in continental arcs, where the thick felsic 
crust acts as a density filter (Hildreth and Moorbath, 1988; 
Carmichael, 2002). Primitive mafic magma recharge, 
therefore, seems to be an unlikely and unsystematic 
mechanism for forming porphyry Cu deposits, which are 
highly reproducible in form, space, and time within 
magmatic arcs (Sillitoe, 1988, 1992). It is also not clear 
why such a special mechanism should be required, when 
normal magmatic evolution of oxidised, hydrous arc 
magmas can potentially achieve the same result. 


Despite these misgivings about the applicability of this 
model for forming normal porphyry Cu deposits, it may 
yet have validity in the formation of less common Au-rich 
porphyry systems, of which Bingham Canyon is an 
example. As discussed above, primitive mafic magmas 
may well retain higher Au/Cu ratios than more evolved 
magmas, especially if the latter have evolved in the presence 
of, or have fractionated, sulphide phases (Richards, 1995). 
Richards (1997) noted that mafic magmas related to alkalic- 
type Au deposits are commonly emplaced in post- 
subduction, collisional, or back-arc settings. A feature of 
such settings is the existence of localised extensional or 
transtensional structural domains, which facilitate the 
shallow ascent of primitive magmas. Some of the largest 
Au-rich porphyry Cu deposits, such as Bingham Canyon, 
Grasberg, and Bajo de la Alumbrera, also formed in back- 
arc or off-are settings. Here, extensional tectonics 


(e.g., Guilbert, 1985; Ballantyne et al., 1995; Luck et al., 
1999) may have played a similar role in enabling the 
shallow ascent of primitive Au-rich magmas, which then 
mixed with, or "spiked", more felsic magma chambers in 
the upper crust. 


Porphyry Cu Ore Formation 
General Model 


Landmark studies by Meyer and Hemley (1967), Lowell 
and Guilbert (1970), Gustafson and Hunt (1975), and 
Hollister (1975) defined the characteristic framework of 
hydrothermal alteration and mineralisation in porphyry Cu 
deposits (Fig. 5; see review by Hedenquist and Richards, 
1998). Three decades of additional research have modified 
these original descriptions only in detail, and have served 
to underline the remarkable reproducibility of these large 
ore forming systems. In their simplest form, porphyry Cu 
deposits are formed by precipitation of Cu-Fe-sulphide 
minerals during cooling, phase separation, and reaction of 
the exsolved magmatic-hydrothermal fluid with wallrocks. 
Early high temperature potassic alteration (700-350?C; 
Einaudi et al., 2003) produces an assemblage similar to 
that present in the igneous source rocks (e.g., quartz, K- 
feldspar, biotite, + magnetite) because the fluid is still close 
to equilibrium with the near-solidus magma. As the fluid 
cools (towards ~350°C), however, disproportionation of 
sulphur, predominantly dissolved as SO, at high 
temperature, begins to generate H,S and sulphuric acid: 


4 SO, +4 HLO + H,S + 3 HSO, + ۲ (1) 


This acidity, combined with the increasing reactivity of 
other species such as HCl and HF (Hedenquist, 1995), 
produces hydrolytic alteration of increasing intensity as the 
fluids rise through the carapace and cool. In addition, the 
generation of H,S combined with falling temperatures leads 
to rapid precipitation of sulphide minerals (Burnham, 1997). 
The classic alteration zonation from potassic to near-surface 
advanced argillic alteration (clay, alunite, diaspore; 
<200°C), with lateral overprinting phyllic alteration 
(sericite-pyrite; 350-200?C), can be viewed broadly as a 
product of this evolution from hot neutral to cooler highly 
acidic fluid conditions (or low to high sulphidation states; 
Einaudi et al., 2003). In detail however, the situation is 
more complex, and flutd evolution must be viewed in both 
space and time. 


Depending on the depth of exsolution, the magmatic 
hydrothermal fluid will exist initially either as a 
homogeneous supercritical fluid (e.g., at pressures >1.2 
kbar, ~700°C), or as separate brine and vapour phases 
(pressures «1.2 kbar, ~700°C; Fig. 6). Cline and Bodnar 
(1991) and Cline (1995) have shown that this distinction is 
important, leading to early extraction of Cu from the magma 
in the first instance, but later and possibly less efficient Cu 
extraction in shallower systems. The process of retrograde 
volatile phase separation in deeper systems also appears to 
exert an important but poorly understood control on ore 
deposition, significant sulphide mineralisation commonly 
appearing just after the first evidence for immiscibility in 
the fluid inclusion record (e.g., Gustafson and Quiroga, 
1995; Arancibia and Clark, 1996). 


A model for independent physical evolution of the brine 
and vapour phases was presented by Henley and McNabb 
(1978), who suggested that a low density vapour plume 
would ascend to shallow levels in the system, leaving the 
denser brine at depth. It iş this vapour plume, rich in acidic 
volatiles, that gives rise to the shallow level advanced 
argillic alteration, broadly coeval with potassic alteration 
at depth (Hedenquist ef al, 1998). There is mounting 
evidence that these vapours may also be capable of 
transporting signiftcant quantities of metals, particularly 
at depth (Lowenstern et al, 1991; Heinrich et al., 1999; 
Willtams-Jones et al., 2002, 2003). 


The origin of phyllic alteration has been debated 
extensively, because of conflicting stable isotope results 
that indicate an important role for meteoric groundwater 
in some systems, but evidence for formation from magmatic 
fluids in others (Sheppard et al., 1971; Dilles et al, 1992; 
Harris and Golding, 2002). Shinohara and Hedenquist 
(1997) and Hedenquist ef al., (1998) argued that later fluids 
to exsolve from the cooling magmatic system might follow 
a low-temperature path towards the surface that would not 
intersect the fluid solvus, thus giving rise to moderatel y 
saline (~5 equiv. wt. % NaCl) low-temperature (300-350°C) 
liquids that could cause sericitic alteration. Stable isotopic 
indications of the involvement of meteoric groundwater in 
some systems might then be explained by later overprinting. 


Circulation of groundwater heated by magmatic intrusion 
causes coeval propylitic alteration in huge volumes of 
country rock extending many kilometres around large 
systems (Taylor, 1974; Norton, 1982). Continuation of 
convective groundwater circulation long after solidification 
of the source pluton commonly results in propylitic 
overprinting of earlier high-temperature alteration styles, 
and local formation of argillic alteration (Sheppard et al., 
1969). 


Ore minerals such as chalcopyrite, bornite, molybdenite 
and pyrite are precipitated from the earliest stages of 
magmatic-hydrothermal fluid evolution, but highest 
concentrations of hypogene Cu and Mo (and Au) tend to 
be found towards the outer edges of the potassic alteration 
zone where temperatures are cooling towards 350°C (the 
“ore shell” of Lowell and Guilbert, 1970; Giggenbach, 
1997), Ore deposition in this region is primarily a function 
of solubility reduction due to cooling, combined with an 
increase in the activity of aqueous sulphide species due to 
the disproportionation of SO, (equation 1). Pyrite is the 
dominant sulphide mineral precipitated from the cooler, 
more acidic fluids generating phyllic alteration. 


Fluid Pathways 


In order to deposit an economic concentration of metals, 
fluid flow must be focused through relatively small volumes 
of rock where sulphide mineral precipitation is promoted. 
Highest grades of ore may be achieved where these rocks 
are also reactive with the fluid, such as carbonate or mafic 
volcanic rocks. Short-circuiting of fluid flow directly to 
the surface (e.g., by catastrophic explosive eruption or 
volcano sector collapse, as occurred at Lihir Island; Moyle 
et al., 1990; Múller et al., 2002; see also Sillitoe, 1994), or 
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broad dissipation throughout a large volume of country 
rock, will reduce the porphyry ore-forming potential of the 
system (although it may enhance epithermal ore formation, 
as at Lihir). In contrast, relatively focused flow may be 
achieved by brecciation of the carapace zone, and highly 
focused flow may correspond to breccia pipe formation. 


The textures of porphyry ores indicate that they were 
formed near the brittle-ductile transition temperature, Early 
K-silicate-stable veins which formed at temperatures over 
~400°C (Fournier, 1999) display evidence of plastic 
deformation and vuggy cavities are rare (e.g., “A” veins), 
whereas later veins associated with lower-temperature 
potassic or phyllic alteration are linear, and preserve open 
cavities and breccia textures (“B” and “D” veins of 
Gustafson and Hunt, 1975). Phillips (1973), Burnham 
(1979), and Bumham and Ohmoto (1980) discussed the 
mechanics of brittle failure in the partially solidified 
carapace zone in response to increasing pressure from the 
expanding fluid volume, and concluded that this was an 
effective way of releasing fluid pressure while at the same 
time reacting these fluids with large surface areas of cool 
overlying rocks. The classic three-dimensional stockwork 
texture of many porphyry ore zones ís a product of hydraulic 
fracturing by this expanding, over-pressured fluid (Fig. 7). 
Pre-existing structures in the cover rocks, or extensional 
faults generated by the stress of pluton emplacement, may 
further focus the flow of fluids to form vein deposits or 
breccia pipes, in which rich pockets of ore may be deposited 
in response to rapid fluid depressurisation and cooling 
(Perry, 1961; Sillitoe and Sawkins, 1971; Fletcher, 1977; 
Skewes et aL, 2002). The majority of breccia pipes are 
barren, however, suggesting that rapid fluid venting may 
have prevented ore deposition, rather than focusing it. 


Au in Porphyry Cu Deposits 


Zonation of Mo and Cu within porphyry Cu deposits is 
common but not systematic, with higher Mo/Cu ratios 
occurring in the cores of some systems and as haloes in 
others (e.g., John, 1978; Williams and Forrester, 1985; 
Sillitoe, 1997). Of greater current economic interest, 
however, is the zonation or variation of Au abundance in 
porphyry Cu deposits because, although typically a minor 
component of the ore, Au credits can significantly affect 
the overall value of a mining operation. Several recent 
studies have attempted to explain the anomalous Au- 
enrichment of some deposits, and Kesler et al., (2002) have 
shown that Cu/Au atomic ratios vary over a wide range 
from ~5000 to ~5 000 000, with a mode near 40 000. Much 
of this variability in normal porphyry Cu deposits is likely 
to be related to late magmatic or hydrothermal effects, rather 
than any fundamental source composition difference 
(e.g., Sillitoe, 1979; Muntean and Einaudi, 2000, 2001; 
Halter et al., 2002; Kesler et al., 2002). However, as noted 
previously, the supra-subduction zone mantle oxidation 
state exerts a strong control on the stability of residual 
sulphide phases, which in turn controls the behaviour of 
siderophile and chalcophile elements. Under unusually 
oxidising conditions or during multi-stage melting events 
in which residual sulphides in the mantle are destroyed 
(e.g., during cessation of subduction, subduction reversal, 
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or arc collision), relatively oxidised alkalic magmas may 
be generated that have the potential to generate Au-rich 
porphyry and alkalic-type epithermal deposits (e.g., Hamlyn 
et al, 1985; Bomhorst and Rose, 1986; Richards ef al, 
1991; Spooner, 1993; Wyborn and Sun, 1994; Richards, 
1995; Sillitoe, 1997; see also Mungall, 2002). 


Muntean and Einaudi (2000, 2001) argued that gold-rich 
porphyry deposits in the Oligo-Miocene Maricunga belt of 
northern Chile formed in response to shallow emplacement 
(<1 km) of magma, resulting in flashing of high temperature 
magmatic fluids and deposition of characteristic auriferous 
banded quartz veinlets. Loss of sulphur species to the 
vapour phase during flashing would have inhibited Cu-Fe- 
sulphide precipitation and promoted Au deposition. 


Simon et al., (2000) and Kesler et al., (2002) presented a 
different model in which they suggested that initial Cu/Au 
ratios in porphyry ores might be a function of temperature 
(and oxidation state) at the time of initial sulphide mineral 
precipitation. They showed that experimental high- 
temperature (600°C) bornite-magnetite assemblages 
contain an order of magnitude more Au (71000 ppm) than 
lower temperature chalcopyrite-pyrite assemblages. The 
extent of formation and preservation of early high- 
temperature sulphide assemblages may therefore control 
the bulk Cu/Au ratio of the deposit, but overprinting and 
replacement by lower temperature assemblages may 
redistribute Au, or even remove it from the system 
altogether (perhaps into the epithermal environment). 


In contrast, Halter e£ al., (2002) argued that Cu/Au ratios 
in magmatic-hydrothermal fluids might be controlled by 
the presence of a late-stage sulphide melt, into which 
chalcophile metals would be partitioned. They argued that 
this sulphide melt would rapidly destabilise upon exsolution 
of a volatile phase from the magma, releasing metals to the 
fluid. It is not clear, however, how chalcophile metal ratios 
are affected by this process, nor why the sulphide 
sequestration step is necessary when volatile exsolution can 
also effectively scavenge metals from the magma. 


Finally, the possibility that magma chamber recharge by 
primitive mafic magmas might "spike" the system with Au 
(e.g., Hattori and Keith, 2001) has been considered above. 
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Although such a mechanism is plausible, it remains to be 
shown that this is a necessary and universal step in the 
formation of Au-rich porphyry Cu deposits. 


Conclusions 


Giant Porphyries: Extreme, Net Special, Cases 


Shallow-leve) calc-alkaline plutons are common features 
of subduction-related magmatic arcs, but the majority are 
not intensely hydrothermally altered, and even fewer are 
mineralised. Economic porphyry-type deposits are rarer 
still, and “super-giant” porphyries are numbered globally 
in the teens (Clark, 1993). There is a temptation to look 
for a magic bullet that will explain the generation of giant 
ore deposits, but from the information reviewed above it 
would seem that Alan Clark was correct when he concluded 
that “there are no systematic qualitative differences between 
outsize and smaller examples of the porphyry clan” (Clark, 
1993, p 213). Instead, it is clear that at every step of the 
way from initial dehydration of the downgoing slab to 
exsolution and evolution of a magmatic-hydrothermal fluid, 
multiple and commonly independent processes can either 
preserve the ore-forming potential of the system, or destroy 
it. The odds are clearly in favour of spoiling, because at 
any stage once the overall process is disrupted it will be 
difficult for it to regain its full potential. 


Thus, it may be argued that the following criteria and 
processes all have to be met or optimised for a giant 
porphyry to be formed. Omission or partial fulfilment of 
any one step can be sufficient either to destroy completely 
the system’s ore-forming potential, or to result in the 
formation of a more modest-sized deposit: 


i.  Subduction must be maintained at a uniform angle 
and relatively rapid rate for a considerable period of 
time (perhaps >10 m.y.) to build up a large and 
localised volume of underplated mafic magma near 
the crust-mantle boundary of the overlying plate. 


2. Development of a mature MASH zone at this level 
requires a period of sustained compressional stress 
across the arc, which encourages magma pooling in 
lower crustal sill complexes rather than early escape 
via dykes. 


Figure 7: (A) Weathered outcrop showing stockwork veining in potassic alteration, Kuh-e-Panj porphyry copper deposit, Kerman 
belt, Iran. (B) Stockwork quartz veins with chalcopyrite and molybdenite in biotite-rich potassic alteration, Bingham 


Canyon porphyry copper deposit, Utah. 


3. Following an extended period of MASH processing, 
stress relaxation or change to moderate shear 
conditions will promote dyke formation, and ascent 
of large volumes of evolved, volatile-rich (including 
H-O, Cl, S), metalliferous magma. A high magma 
flux is perhaps the most critical element in this process 
because it ensures that sufficient heat and ore-forming 
components are delivered to the upper crust. 


4. Pre-existing structures in the crust, especially 
extensional offset zones along trans-lithospheric 
strike-slip fault systems, will serve to focus magma 
ascent. 


5. Magma flux from the lower crust must be sufficient 
and sustained for long enough to construct a large 
volume (2100 km’), at least partially continuously 
molten, mid-to-upper crustal magma chamber. 


6. Volatile exsolution should begin at depth within this 
magma chamber (>5 km), causing convection of 
bubble-rich, buoyant magma into tall apical stocks, 
where volatiles can be released. A sustained flux of 
heat and ore-forming components entering the 
chamber by recharge from depth and convected into 
the cupola, will prolong and maximise the magmatic- 
hydrothermal exchange process. 


7, Volatiles should be released in a controlled, focused 
and prolonged fashion, allowing the progressive build 
up of large concentrations of economic minerals in 
depositional sites, 


Conversely, specific processes that can destroy ore-forming 
potential include: 


l. Tectonic changes that alter the rate or angle of 
subduction: reducing or shifting the supply of primary 
magma to the base of the overlying crust will hinder 
development of an extensive MASH zone (although 
the onset of changes in tectonic configuration, if 
accompanied by stress change, may provide 
opportunities for voluminous magma ascent from 
previously-developed MASH zones). 


2. Stress conditions in the upper plate that are not 
conducive to MASH zone formation (e.g., tension). 


3. Interaction of ascending magmas with reducing 
lithologies in the crustal column, which might cause 
early sulphide saturation and removal of chalcophile 
metals. 


4. Catastrophic explosive (volcanic) bulk release of 
volatiles to the surface, which will short-circuit the 
porphyry ore-forming process. Thus, large calderas 
are unlikely to be prospective for porphyry deposits, 
although they may be prospective for epithermal 
systems. 


If these various favourable criteria have operated and 
negative influences are absent, it should then be possible 
for an ordinary calc-alkaline arc magmatic system to form 
an economic porphyry Cu deposit, as suggested by Cline 
and Bodnar (1991). The formation of a giant porphyry is 
probably the cumulative result of optimisation of each step, 
and not of the action of any single or unique process. 
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Exploration Indicators 


There is a significant amount of serendipity involved in 
the discovery of any large ore deposit, and many of the 
factors listed above that control the size of porphyry Cu 
deposits are beyond prediction. More difficult still is 
prediction of the exact location of a large porphyry system 
(i.e., to within I or 2 km). Nevertheless, there are some 
general features that should characterise prospective arc 
terranes, and some specific features that might be used to 
focus target selection for first-pass exploration: 


l. Large porphyry Cu deposits are likely to be found in 
well-established arcs, featuring voluminous 
magmatism developed in narrow belts ($50 km-wide) 
over a significant period of time (>5 m.y.). 


2. Crustal-scale structural architecture (observed as 
lineaments) may focus the ascent of arc magmas, and 
lincament intersections where they form pull-apart 
structures are likely to be particularly prospective. 
Large-scale lineaments commonly represent the 
boundaries of basement domains, and can be 
recognised from regional-scale gravity or magnetic 
surveys and remote sensing (e.g., Chernicoff et al., 
2002). Such lineaments and lineament intersection 
zones may define broad areas of prospectivity, a few 
tens of kilometres square. 


3. Clusters of shallow-level dioritic plutons (within an 
area 10-30 km square) indicating voluminous, 
focused magma supply, can be recognised from 
regional mapping or airborne geophysics (e.g., Behn 
et al, 2001; Richards et al, 2001). Porphyry Cu 
deposits may occur near the centre of such clusters, 
where magmatic flux was greatest. 


4. Caldera and ignimbrite complexes are probably not 
prospective for porphyry Cu deposits, despite their 
evidently large magma flux. Rhyolitic ignimbrites 
are derived predominantly from less fertile crustal 
melts (lacking key arc components such as sulphur 
and chalcophile metals), and large caldera eruptions 
likely destroy deeply rooted magmatic-hydrothermal 
systems. 


S. Regional erosion and weathering history must be 
appropriate for exposure and possible supergene 
enrichment of shallow level porphyry systems. 
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Abstract - This paper presents U-Pb-He triple-dating age determinations for several porphyry Cut MotAu 
deposits in Chile, Indonesia and Iran in an effort to determine their thermal histories and to explore the 
effects of cooling/exhumation rates on ore formation and preservation processes. Inverse thermal modelling 
of measured time-temperature history data from these deposits was conducted to quantitatively constrain 
the depth of emplacement, duration of ore deposition, exposure ages and cooling/exhumation rates. The 
duration of hypogene ore formation for the deposits studied generally occurs within timeframes of 10? years, 
although modelling results for the Grasberg, Batu Hijau and El Teniente super porphyry deposits suggest 
formation periods of the order of 10* years. Emplacement depths on intrusions associated with porphyry 
mineralisation range from 800 m to 5500 m from the palaeosurface, with Grasberg and Rio Blanco being 
respectively the shallowest and deepest super porphyry deposits studied. The thermochronology data indicates 
a positive correlation between metal grade and cooling rate during hypogene ore formation, but further 
investigation is warranted. Exhumation rates varying from 0.3 to 1.1 km/m.y. have implications for the 
preservation potential of hypogene ore deposits, with super porphyry deposits like Sar Cheshmeh potentially 
losing 3.5 Mt of copper to erosion over the last 5 million years. The potential for supergene ore formation 
under such conditions is high, as is the potential for the formation of proximal Exotica-type deposits. 


Introduction 


S‏ اون گرا 


Helium (*He), in addition to the radiogenic isotopes of Pb, 
is a natural fission product of the U and Th decay series. 
Similar to the U-Pb geochronology system, age 
relationships in the (U-Th)/He system can be determined 
by measuring the concentrations of both the parent (°U, 
8U and Th) and daughter (*He) isotopes in minerals. In 
contrast to Pb, He diffuses through the mineral lattice more 
readily and at lower temperatures, a characteristic that 
Zeitler et al., (1987) predicted could have potential 
applications in low temperature thermochronology. 
Quantitative He diffusion measurements in minerals 
(Farley, 2002 and references therein) provided the necessary 
parameters required for determining the thermal history of 
the Earth’s crust, and have led to the development of new 
applications for (U-Th)/He dating in economic geology 
research (McInnes et al, 1999; Arehart ef al., 2003; Evans 
et al., in press). 


Despite the fact that porphyry deposits have been exploited 
for [00 years (open pit mining at Bingham began in 1905), 
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a number of time- and temperature-related variables 
involved in their genesis remain poorly understood: 


i) depth of emplacement, 

i) longevity of the ore precipitation event during the 
thermal decline of the magmatic-hydrothermal system, 

111) preservation potential of hypogene ores during orogenic 
uplift and exhumation, and 

iv) formation potential of supergene ores from eroded 
hypogene precursors. 


Thermochronology techniques that can address these issues 
have significance for ore genesis studies and mineral 
exploration. The (U-Th)/He method is particularly 
amenable to application in porphyry deposit research 
because many of the minerals suited to dating occur as 
accessory phases in porphyritic intrusions known to host 
disseminated mineralisation. Diffusion experiments on 
fluorite, apatite, titanite, zircon and rutile have determined 
a progressive increase in minimum He closure temperature 
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(T) from ~60°C to ~200°C (Farley, 2002; Reiners et al., 
2002; Crowhurst et al., 2002; Evans et al., in press). 
Therefore, (U-Th)/He dating is most commonly used as a 
thermochronometer to determine cooling ages and not as a 
geochronometer to determine formation ages (eg., U-Pb). 
However, by combining U-Pb (T >900°C; Lee etal., 1997; 
Cherniak and Watson, 2000), K-Ar, Re-Os (T range from 
300-500°C; McDougall and Harrison, 1999; Suzuki et al., 
1996), fission track (eg. Arehart ef al., 2003; apatite fission 
tracks anneal at -125%C) and (U-Th)/He techniques, an 
interval of over 800°C of thermal history of an ore deposit 
or mineral district can be elucidated. 


In this paper we report the results of combining a number 
of these conventional thermochronology techniques with 
the (U-Th)/He method. Our preferred approach for 
determining the thermal histories of porphyry deposits 
involves combining zircon U-Pb, zircon (U-Th)/He and 
apatite (U-Th)/He dating methods on the same sample of 
rock. The advantages of this U-Pb-He “triple-dating” 
approach are that: 


i) A single radioactive decay scheme is utilised U + Th - 
Pb + He, 

it) Apatite and zircon are both usually obtainable in 
significant quantities for analysis from a 1 kg sample 
of igneous rock, 

111) Apatite and zircon are stable in potassic, phyllic and 
propylitic alteration assemblages in porphyry deposits, 

iv) The coupled use of zircon U-Pb and zircon (U-Th)/He 
dating determines both the emplacement age of the 
porphyry deposit and the interval where the bulk of base 
metal transport and deposition occurs in magmatic- 
hydrothermal systems (750-200°C), 

v) The coupled use of zircon (U-Th)/He and apatite 
(U-Th)/He dating determines the post-mineralisation 
uplift and exhumation history of the deposit with 
implications for ore preservation and supergene 
remobilisation (200-90°C). 


Methods 


U-Pb-He triple-dating was conducted on rock samples from 
selected porphyry deposits in CutMo+Au metallogenic 
belts in Chile, Indonesia and Iran using the analytical 
methods described below. This data was combined with 
previously published geochronology results for comparison 
purposes and, where possible, to establish complete thermal 
histories of the deposit using an inverse thermal modelling 
approach. 


U-Pb and (U-Th)/He Analytical Procedures 


Apatite and zircon grains for (U-Th)/He thermochronology 
were selected by hand picking in order to avoid U- and Th- 
rich mineral inclusions that may contribute excess helium. 
Images of selected grains were recorded digitally and grain 
measurements were taken for the calculation of an alpha 
correction factor (Farley et al., 1996). Helium was 
thermally extracted from single crystals that were loaded 
into platinum micro-crucibles and heated using a 1064 nm 
Nd-YAG laser. “He abundances were determined by isotope 
dilution using a pure *He spike, calibrated daily against an 


independent “He standard tank. The uncertainty in the 
sample *He measurement is <1%. The U and Th content 
of degassed apatite is determined by isotope dilution using 
330 and “Th spikes, Apatite is digested in 7M HNO, and 
zircon is digested in Parr bombs using HF. Standard 
solutions containing the same spike amounts as samples 
were treated identically as were a series of unspiked reagent 
blanks. For single crystals digested in small volumes (0.3- 
0.5 ml), U and Th isotope ratios were measured to a 
precision of <3%. Overall the (U-Th)/He 
thermochronology method at CSIRO has a precision of 
2.5% for apatite, based on multiple age determinations 
(n=70) of Durango standard which produce an average age 
of 31.5+1.6 (20) Ma. 


Zircon U-Pb dating at Macquarie University utilises a LA- 
ICP-MS facility combining a New Wave/Merchantek 213 
nm UV laser ablation (LA) system and a HP 4500 ICP- 
MS, with analytical methods detailed by Jackson et al, 
(2004). A split sample of zircon grains from the (U-Th)/ 
He study was mounted in epoxy discs and polished to 
expose the grains. The mounts were examined using back- 
scattered electron/cathodoluminescence microprobe 
imaging to record internal zonation features and external 
morphology prior to selecting grains for analysis. U-Pb 
geochronology results were based on the analysis of 
27 pp/25LJ. of 208۳/22 بط‎ and ?*Pb/2*U on between 14 and 
20 grains per sample. The analysis of the sample zircons 
was bracketed by multiple analyses of the gem quality 
GJ-1 zircon, and other in-house standards 91500 and Mud 
Tank zircon (Wiedenbeck et al., 1995; Black and Gulson, 
1978) were analysed in every run as an independent control 
on reproducibility and instrument stability. 


Graphical Interpretation and Inverse Modelling of 
Thermal Histories 


The data outputs from mineral chronometry are radiometric 
ages tied to nominal closure temperatures. Multiple age 
determinations produce time-temperature curves 
delineating the thermal history of a porphyry deposit from 
the time of its emplacement to the time of its thermal decline 
to ambient conditions. Graphical analysis of combined age- 
temperature data shows a range of cooling profiles varying 
from a sub-vertical line for a rapidly cooled intrusion 
emplaced in the upper 1-2 km of the crust (see right inset 
in Fig. 1) to a “hockey stick" pattern for a slowly cooled 
pluton emplaced at depths greater than 2-3 km in the crust 
(see left inset in Fig. 1). Using the “hockey stick" as a 
process model for the thermal histories of porphyry copper 
systems, the handle of the stick (represented by higher 
temperature chronometers like zircon U-Pb and K-Ar) 
constrains the high-temperature history of the pluton and 
its associated Cu ore shell, while the blade of the stick 
(zircon (U-Th)/He and apatite (U-Th)/He chronometers) 
constrain the post-mineralisation uplift and exhumation 
history of the deposit with implications for ore preservation 
and supergene remobilisation. 


The graphical interpretation can be further refined using a 
computational approach where the raw time-temperature 
data is input into an “inverse modelling” algorithm that 
quantifies a number of parameters related to the dynamic 
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Figure 1: A schematic representation of pluton emplacement at 
shallow (right) and deep (left) crustal levels and the 
respective time-temperature histories (insets). 1f Cu transport 
and heat transfer are treated as diffusive processes, then intrusions 
emplaced within the uppermost crust should experience greater 
thermal gradients and more effective Cu transport than those emplaced 
in mid-crustal regions where temperature regimes arc moderated by 
the Earth's ۰ 


processes of magmatic-hydrothermal cooling, exhumation 
and erosion of igneous intrusions (Fu et al, 2005). An 
inverse thermal modelling software package, GeoModel 
v. 1.0, has been developed by Frank Fu as part of his PhD 
study at University of Sydney. Physical parameters and 
assumed initial conditions for porphyry deposits discussed 
in this paper are listed in Tablel and background 
information on modelling techniques is provided in 
Appendix |. The current version of GeoModel inverts 
thermochronology data assuming conductive heat transfer, 
which is the least efficient heat transfer mechanism and 
therefore, the outputs of the modelling runs provided in 
this paper should be considered as end members. For 
example, if the depth of porphyry emplacement is 
constrained by the model to be 5 km, then that result is a 
minimum depth. Future versions of GeoModel will include 
advective and convective cooling scenarios, although our 
approach in this paper is to compare and contrast a number 
of porphyry deposits assuming the same initia] conditions 
so that relative depths of emplacement can be determined. 


GeoModel v. 1.0 treats the cooling history of igneous bodies 
from their assumed emplacement temperature at 1000°C 
to an ambient surface temperature of 10°C. Throughout 
the cooling history, two distinct phases have been defined: 
۱( Magmatic-hydrothermal cooling begins at intrusion 
emplacement and continues until both igneous and country 
rocks reach a final thermal equilibrium under a steady-state 


Parameter Initial Value 


Surface temperature 10 °C 


Geothermal gradient 50 *C/km 
Initial temperature of magma 1000 *C 
Thermal diffusivity 1.0x10? m/s 
Latent heat of crystallisation 100 cal/g 


Constant heat flow from bottom 65 mWim?*C 


Table 1: Main parameters and their initial values used in the 
modelling (Fu et al., 2005). 
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Figure 2: Schematic time-temperature plot showing rates of 
magmatic-hydrothermal cooling (Ri) and exhumation 
cooling (Ry. 


geothermal gradient. This phase is shown as R, on the 
schematic time-temperature plot (Fig. 2). Initial cooling 
is rapid, but towards the end of the magmatic-hydrothermal 
cooling stage, the igneous and country rocks cool more 
slowly until both reach a final thermal equilibration and 
the geothermal gradient returns to pre-intrusion thermal 
conditions (defined as the "cooled" state), 11) Exhumation 
cooling (R, in Fig. 2) begins when the intrusion reaches 
the "cooled" state and continues until the body reaches the 
surface (at 10°C). The rate of cooling through this stage is 
primarily controlled by exhumation and erosion processes. 
The hypogene deposition of most economic minerals 
(e.g. Cu, Au) mainly occurs during the early magmatic- 
hydrothermal cooling stage while supergene remobilisation 
and precipitation processes occur mainly during the late 
exhumation cooling stage. 


The following sections review previous work on selected 
porphyry deposits in Iran, Indonesia and Chile 
(Figs. 3 to 8) and present new geo- and thermochronometry 
data (Table 2). The measured geochronology data was input 
into GeoModel v. 1.0 and iterations were performed to yield 
an idealised cooling history that successfully passed 
through all the age data (see Appendix 1). The GeoModel 
v. 1.0 outputs (Table 3) were used to determine the duration 
of the Cu deposition interval (arbitrarily defined as 500 to 
300°C), the depth of emplacement of the intrusion and the 
average exhumation rate of the crustal block hosting the 
intrusion thereby indicating the preservation potential of 
satellite hypogene deposits and an estimate of the amount 
of hypogene ore eroded. 


Porphyry Deposits of the Kerman Belt, 
Iran 


The Kerman Belt, located in southeastern Iran, is a NNW- 
SSE elongated mountain belt 500 km long and 100 km 
wide. It is principally composed of a folded and faulted 
early Tertiary volcano-sedimentary complex and is 
bordered to the southwest by a major thrust zone and the 
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Tertiary and Palaeozoic sedimentary rocks of the Zagros 
Mountains (Waterman and Hamilton, 1975). The Sar 
Cheshmeh and Meiduk copper deposits are two of the 
largest known porphyry Cu systems in the Kerman district. 
Both deposits are currently being mined by the National 
Iranian Copper Industries Company (NICICO). Sar 
Cheshmeh and Meiduk are associated with an Eocene high- 
K calc-alkaline volcanic arc formed after cessation of 
subduction of Tethyan oceanic lithosphere at the Zagros 
suture zone (Sengor and Kidd, 1979). Post-collisional 
compression and mantle buoyancy forces led to the uplift 
of the Iranian plateau, with middle Miocene marine 
sediments occurring at elevations greater than 3000 m in 


the Kerman belt (Hassanzadeh, 1993). The preservation 
of porphyry Cu deposits in the belt is therefore dependent 
on the original depth of emplacement and the rate of 
exhumation in response to this tectonically driven uplift 
and erosion. 


No previous thermochronometry studies have been carried 
out in the Kerman District. In this study we have 
determined the zircon U-Pb, zircon (U-Th)/He and apatite 
(U-Th)/He ages of igneous units from the potassic alteration 
zone of several porphyry Cu systems, and integrated these 
data with pre-existing Rb-Sr, Re-Os and Ar-Ar 
geochronology ages. These ages constrain the maximum 


Deposit/Location Age (Ma) 0 Method 


SCP Sar Cheshmeh, Iran 


Adbar, Kuh-eMasahim, Iran* 


Ciemas, Indonesia 


“Rio Blanco, PQM, Chile 


! El Teniente, Chile 


13.6 x 0.1 


12.2 = 1.2 Rb-Sr (3-point isochron)* 
12.5 + 0.5? Biotite K-Ar 
10.8 + 0.1 Zircon U-He' 


7.2 £ 0.4 


Meiduk, Iran 12.5 = 0.1 Zircon U-Pb' 
12.4 « 0.5 Rb-Sr (3 point isochron)" 
11.2 + 5 Biotite Ar-Ar” 
10.8 + 4 Sericite Ar-Ar” 
12.5+0.5 Zircon U-He" 


9.5 


7.5 + 1 


6.8204 Biotite Ar-Ar* 
6.4 + 0,8; 6.3 2 0.9 Homblende Ar-Ar? 
7.3 ± 0.3 Zircon U-He' 


4.9 + 0.4 


Grasberg, Indonesia 2.9 ± 0.3 Re-Os* 
3.33 + 0.12; 3.01 = 0.06 Biotite Ar-Ar" 
3.1-2.9 + 0.1 


Batu Hijau, Indonesia 3.74 + 0.14 Zircon U-Pb* 
Young Tonalite 3.73 + 0.08 Biotite Ar-Ar* 
2.23 + 0.09 


17.8 + 0.4 
16.8 + 0.1 Hornblenda K-Ar? 
15.22 2.7 Sulphide Re-Os'” 
7.2 x 0.24 


"Rio Blanco, PDL, Chile 5.23 + 0.07 Zircon U-Pb*' 
3.9 + 0.09 Zircon U-He' 
242041 


6.32 x 0.06 
4.95 £ 0.18 Zircon U-He 
3.5 x 0.14 


5.05 x 0.12 

(Teniente dacite) 5.14 x 0.03 Re-Os (moly) 
4.96 = 0.03 Ar-Ar 

2.74 z 3 


*No apatite was recovered from the Meiduk samples. As Abdar is located only 18 km away and the 
erosion rate in the area is thought to be similar on this geographic scale, the difference between the 
zircon and apatite (U-Th)/He ages at Abdar was applied to Meiduk resulting in a proxy apatite 
(U-Th)/He age of 9.5Ma. ‘This work; *Shahabpour, 1982; *Hassanzadeh, 1993; “Abdar diorite 
subvolcanic intrusion in caldera of Kuh-e-Masahim volcano; *Hassanzadeh, 1993, lava flows on 
flanks of Kuh-e-Masahim volcano; “Mathur et al., 2000b; "Pollard et al., 2004; "Garwin, 2000; 
Cartwright, 1998; 'Mcinnes et al., 2000; "'Deckart et al, 2005. All errors 20; 


Zircon U-Pb‘ 


Apatite U-He' 


Apatite U-He* 
Zircon U-Pb' 


Apatite U-He' 


Apalite U-He' 


Apatite U-He' 
Zircon U-Pb ' 


Apatite U-Ha’ 


Apatite U-He' 
Zircon U-Pb" 


Apatite U-He 
Zircon U-Pb 


Apatite U-Ha 


Table 2: Age data for the selected Iranian, Indonesian and Chilean porphyry deposits 
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period of longevity of potential hydrothermal mineralisation 
in porphyry-epithermal environments. The thermal 
histories for Sar Cheshmeh and Meiduk are compared to 
that of the Abdar Cu-Au prospect hosted within the 
collapsed and partially eroded caldera of the Kuh-e- 
Masahim stratovolcano located between the two porphyry 
copper deposits. 


Sar Cheshmeh Porphyry Cu Deposit 


The Sar Cheshmeh Cu deposit (1100 Mt @ 0.64% Cu, 
0.03% Mo) is located on the northeastern slopes of Kuh-e- 
Mamzar, about 60 km south-southwest of Rafsanjan. The 
ore body is contained within an ovoid (2.5 x 1 km) Cu 
shell surrounding a Cu-poor granodiorite to quartz 
monzonite intrusion known as the Sar Cheshmeh porphyry 
(SCP) that was emplaced within Eocene to Oligocene 
volcanic rocks of andesitic composition (Fig. 1). The 
alteration halo and satellite intrusions extend for 7 km. 


During Cu ore formation, the deposit was intruded by 3 
igneous units interpreted by Ghorashi-Zadeh (1979) to be 
fractional crystallisation products of the same magma 
chamber that produced the SCP. Cross-cutting relationships 
define the order of emplacement of the intramineral 
intrusions as: 1) late fine porphyry (fine-grained quartz 
monzonite); ii) early hornblende porphyry (dacite); and 
111) late hornblende porphyry (latite dyke swarms). 
Although these intrusions played a role in redistributing 
Cu throughout the deposit, their net contribution to ore 
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Figure 3: Geology of the Sar Cheshmeh Cu-Mo deposit (modificd 
from Ghorashi-Zadeh, 1979; Waterman and Hamilton, 1975). 
Mineralisation is associated with the granodiorite stock intruded into 
folded and faulted early Tertiary volcano-scdimentary sequences. 
Dashed linc = open pit boundary, 


Location 


genesis has been to dilute the initial Cu content of the Sar 
Cheshmeh porphyry. Shahabpour (1982) determined Rb- 
Sr and K-Ar ages for the Sar Cheshmeh porphyry (12.2 + 
1.2 Ma and 12.5 + 0.5 Ma, respectively; Table 2). In this 
work, zircon U-Pb/(U-Th)He and apatite (U-Th)/He dating 
was conducted on samples of the SCP obtained from the 
open pit in August 2002. 


Meiduk Porphyry Cu Deposit 


The Meiduk Cu deposit (>170 Mt @ 0.82% Cu) is 
associated with a 700 x 400 m quartz diorite stock known 
as the Meiduk porphyry (Fig. 2). The intrusion hosts 90% 
of the Cu mineralisation and is cross-cut by multiple NNE 
trending dykes called the Meiduk fine porphyry. The dykes 
are Of similar composition to the main intrusion and are 
interpreted as comagmatic (Hassanzadeh, 1993). 


The age data for the Meiduk porphyry are presented in 
Table 2. Zircon U-Pb and zircon (U-Th)/He ages of 12.5 
Ma for the Meiduk porphyry are essentially tdentical to 
mineral-whole rock Rb-Sr ages (12.4 + 0.5 Ma) reported 
by Hassanzadeh (1993). That study also determined Ar 
Ar isochron ages of 11.2 + 0.5 Ma for biotite in potassic 
alteration assemblages and 10.8 + 0.4 Ma for sericite in 
phyllic alteration zones. Similar to Sar Cheshmeh, the 
progressively decreasing ages for the Meiduk porphyry in 
the U-Pb and Ar-Ar systems reflects the cooling history of 
the deposit through the temperature interval 750°C to 300- 
350°C, yielding a cooling rate of 250-350°C/m.y. 
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Figure 4: Simplified geology of the open pit area at the Meiduk 
porphyry Cu deposit, Iran (modificd from Mciduk mine geology 
report). The deposit lies within a basin on the Kuh ¢ La Chah (La 
Chah Mountain), about 45 km from Shahr ¢ Babak. The porphyry 
complex consists of multiple intrusions of mainly quartz diorite 
composition (Hassanzadeh, 1993). Dashed line = approximate ore 
limit. Meiduk is 85 km SSW of Sar Cheshmch (sce Fig. 3 for 
location). 
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Surprisingly, the zircon (U-Th)/He age is identical to the 
zircon U-Pb age for the same sample of Meiduk porphyry, 
implying that either: i) the Meiduk sample from this study 
has been emplaced near a contact with cool country rock 
and therefore has had a more rapid cooling history than the 
samples in the Ar-Ar study, or ii) that zircon (U-Th)/He in 
rapidly cooled, high level intrusions acts as a 
geochronometer, rather than a thermochronometer. No 
apatite was recovered from the Meiduk samples and in order 
to facilitate modelling, 2 value of 9.5 Ma was assigned as 
the apatite (U-Th)/He age. As Abdar is located only 18 km 
away, and the erosion rate in the area is thought to be similar 
to that at Mikuk, the difference between the zircon and 
apatite (U-Th)/He ages at Abdar was subtracted from the 
zircon (U-Th)/He age for Meiduk resulting in a proxy 
apatite (U-Th)/He age of 9.5Ma. 


Abdar Cu-Au Prospect, Kuh-e-Masahim Volcano 


The Abdar Cu-Au prospect, located approximately 15 km 
southeast of Meiduk, is associated with a subvolcanic 
dioritic intrusion hosted within the partially eroded caldera 
of the Kuh-e-Masahim stratovolcano (35 km basal diameter, 
3500 m asl total elevation, 1500 m elevation above 
surrounding plateau). Epithermal high-sulphidation Au- 
Ag-base metal veins were exposed in the caldera peripheral 
to the Abdar Cu prospect. Reconnaissance scale drilling 
of the prospect has detected anomalous yet uneconomic 
concentrations of Cu (values ranging from 0.1-0.25% Cu). 
Samples for geochronology investigation were taken from 
potassic alteration zones from mineralised drill core. 
Similar to Meiduk, the zircon U-Pb and zircon (U-Th)/He 
age data for the Abdar diorite (Table 2) are identical within 
error. This further supports the suggestion that the zircon 
(U-Th)/He system acts as a geochronometer for shallow, 
rapidly cooled subvolcanic intrusions. The relatively young 
Ar-Ar ages for lava flows on the flanks of the volcano 
indicate that the feeder conduits did not thermally reset the 
zircon U-Pb and zircon (U-Th)/He ages of the diorite 
intrusion. The apatite (U-Th)/He age of 4.9 Ma for the 
Abdar diorite indicates the time when the subvolcanic 
intrusion cooled below 90?C due to caldera collapse and 
rapid erosion of the overlying volcanic pile. 


Porphyry Deposits in Indonesia 


Grasberg Porphyry Cu-Au Deposit 


The Grasberg Cu-Au deposit (Fig. 5) is a giant ore system 
in West Papua with proven and probable reserve estimates 
of around 2700 Mt ( 1.08% Cu and 0.98 g/t Au. The 
economic porphyry is the Main Grasberg Intrusion (MGI), 
a quartz monzodiorite that intruded the core of the Dalam 
Diatreme. The final stage of magmatic activity at Grasberg 
was the emplacement of the dyke-like Kali intrusion. 
Although zircon U-Pb dating has not yet been carried out, 
combined Ar-Ar and (U-Th/He) dating on the same samples 
from the MGI and Kali intrusions shows extremely rapid 
cooling with apatite (U-Th)/He ages (2.9 to 3.1 [30.1] Ma); 
Mclnnes et al., 2004) nearly identical to biotite *ArP?Ar 
ages (from 3.0 to 3.3 [+ 0.1] Ma; Pollard et al., 2004). These 
ages overlap with a sulphide Re-Os age of 2.9 £ 0.3 Ma 
(Mathur ef al., 2000a) indicating that ore-related intrusions 


in the district underwent extremely rapid cooling as a 
consequence of shallow emplacement, corroborating earlier 
interpretations based on fission track dating that the MGI 
was emplaced within ~1 km of the palaeosurface (Weiland 
and Cloos, 1996). 


Batu Hijau Porphyry Cu-Au Deposit 


The Batu Hijau porphyry Cu-Au deposit (Fig.6) is located 
in southwestern Sumbawa Island, Nusa Tenggara with 
proven and probable reserve estimates of around 920 Mt 
@ 0.55% Cu and 0.41 g/t Au. Mineralisation is associated 
with a multi-phase tonalite porphyry complex hosted in 
quartz-dioritic and andesitic wallrocks. Zircon U-Pb and 
apatite (U-Th)/He ages (Table 2) for the late-mineralisation 
Young Tonalite (collected at 150 mA.S.L.) are 3.74 +0.14 
Ma (Garwin, 2000) and 2.23 + 0.09 Ma respectively. 
Hydrothermal biotite from the Young Tonalite (collected 
from 150-350 m A.S.L.) yields a mean plateau Ar-Ar age 
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Figure 5: Simplified Geology of the Grasberg region, Ertsberg 
District, West Papua, Indonesia (after Pollard). Cu-Au 
mineralisation is related to Pliocene diorite to quartz monzonitc intrusive 
rocks emplaced in Cretaccous and Tertiary siliciclastics and carbonates. 
The Grasberg deposit is hosted within the Dalam volcanic and intrusive 
complex although some mineralisation also occurs along a serios of 
skams, shown on the plan (Pollard ef al, 2004). Lower inset shows 
tho location of Grasberg relative to the other two deposits discussed in 
Indonesia, Batu Hiujau on Sumbawa Island and Cicmas on Java. 
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of 3.73 + 0.08 (20) Ma, which is indistinguishable from 
the zircon U-Pb age. Previous studies using amphibole- 
plagioclase thermobarometry indicate that the tonalitic 
magmas began to crystallise at 9 km depth (710-780°C) 
with final crystallisation occurring at <2km (+ 0.5km) depth 
(Garwin, 2000; 2002). 


E) Quaternary alluvium 


IGNEOUS ROCKS 
Mid Pliocene to Late Miocene 


ES] Porphyritic hornblende quartz diorite, andesite and dacite dykes 
M Young Tonatite | Batu Hijau 

ME Intermediate Tonalite | tonalte complex 

Porphyritic dacite (Batu Hjau) 

feel Porphyritic hornblende tonalle 

FE Equigranular hornblende quartz diorte and quartz diorite porphyry 


Mid to Late Miocene 


Plagioclase-phyric andesite and microdiorite (plagioctase + 
homblende) 


VOLCANO-SEDIMENTARY ROCK SEQUENCE 
Earty to Mid Miocene 


Plagioclase crystal-tich volcanic lithic braccia. The upper part of this 
لس‎ unit (circles) around Batu-Hijatr includes volcanic conglomerate lenses 


L-7] Plagioclase crystal-+tich volcanic sandstone 


KOO] Biolite-pyroxene + homblende quartz diorite in Katala region 
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Figure 6: Simplified geology of the Batu Hijau Cu-Au district 
and mine, southwestern Sumbawa, Indonesia (after Garwin, 
2000). The deposit formed during emplacement of a Neogenc tonalitic 
intrusive complex into older quartz diorite and andcsitic 
volcaniclastics of thc Sunda-Banda volcanic island arc (Garwin, 
2002). Solid linc denotes ultimate pit outline. Sec Fig. 5 for location. 


Ciemas Cu-Au Porphyry Prospect 


The Ciemas porphyry Cu-Au prospect is located near the 
southern coast of western Java, about 150 km south of 
Jakarta. The prospect has seen limited drilling («10 
diamond holes) and development, but the results to date 
suggest extensive zones of sub-economic metal grades 
(~0.2% Cu, ~0.2% Au) associated with a quartz diorite 
porphyry intrusion hosted principally by andesitic volcanic 
host rocks. Zircon U-Pb, hornblende K-Ar (Cartwright, 
1998), sulphide Re-Os (McInnes et al., 2000) and apatite 
(U-Th)/He geochronology has returned ages of 17.8, 16.8, 
15.2 and 7.2 Ma, respectively (Table 2). 


Porphyry Deposits in Chile 
Chuquicamata 


The thermal history of the Chuquicamata porphyry Cu-Mo 
deposit of northern Chile has been studied extensively and 
from various perspectives. Ballard et al., (2001) analysed 
zircon by excimer laser ablation-inductively coupled 
plasma-mass spectrometry (ELA-ICP-MS) and by sensitive 
high-resolution ion microprobe (SHRIMP) to reveal that 
two temporally distinct magmatic-hydrothermal systems 
make up the giant Chuquicamata deposit (East Porphyry: 
34.6 + 0.2 Ma; Bench and West Porphyries; 33.3 + 0.3 Ma 
and 33.5 + 0.2 Ma;). The age of the East Porphyry agrees 
well with a * Ar/?Ar age generated by Reynolds etal., 1998 
(34.9 + 0.3 Ma) and a Re-Os molybdenite age (34.8 + 0,2 
Ma; Mathur et al., 2000a). The geochronology age of the 
younger Bench and West porphyries correlates with the 
30A r/? Ar age (33.4 + 0.3 Ma) for potassic alteration 
determined by Reynolds et al., (1998) and agrees within 
error with the Re-Os isochron for associated pyrite (Mathur 
et al., 2000a). Giventhe closure temperature for the various 
methods, the East, Bench and West porphyries cooled from 
750°C (zircon crystallisation) to below 300°C (closure 
temperature for Ar diffusion from biotite) in less than haif 
a million years yielding a magmatic-hydrothermal cooling 
rate of 1000°C/m.y. (Ballard et al., 2001). Apatite (U-Th)/ 
He ages of around 31 Ma (McInnes et al., 1999) for potassic 
alteration assemblages in the West porphyry however 
indicate a total cooling rate of the Chuquicamata ore body 
of the order of 200-300°C/m.y. Unfortunately, 
Chuquicamata was not specifically sampled for triple- 
dating as part of this study. With a complete suite of samples 
with well-documented positions, age data can be analysed 
and more definitive cooling rates provided for both the East 
and West porphyries. 
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Figure 7: Simplified geology of the Rio Blanco area, Chile. Inset 
location plan shows location of Rio Blanco relative to thc other 
deposits discussed, EI Tenientc and Chuquicamata. 
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Figure 8: Simplified geology of the El Teniente Deposit, Chile, 
Ten-6 level (2165 m). Sec Fig. 7 for location. 


Río Blanco 


Río Blanco is a supergiant porphyry Cu-Mo deposit (Fig. 7) 
located in Central Chile with resources and reserves of 
5.100 Mt at 0.79% Cu. Disseminated mineralisation is 
hosted in a granodiorite unit (Río Blanco) and within a 
breccia complex, and is thought to be related to the intrusion 
of the tabular, dyke-like quartz monzonite porphyry (POM) 
at 6.32 + 0.06 Ma (U-Pb) and the Don Luis porphyry (PDL) 
at 5.23 + 0.07 Ma (U-Pb) (Deckart et al., 2005). Zircon 
and apatite (U-Th)/He ages for the PDL are 3.9 + 0.09 Ma 
and 2.40 + 0.10 Ma, respectively. The PQM porphyry 
yielded a zircon (U-Th)/He age of 4.95 + 0.18 Ma and an 
apatite (U-Th)/He age of 3.5 t 0.14 Ma (Table 2). As the 
thermal mass at this deposit is dominated by the PDL, we 
have used the PDL age data and intrusion dimensions for 
inverse modelling. 


El Teniente 
The El Teniente Cu-Mo porphyry deposit (Fig. 8) is a 


supergiant system in Central Chile with resources and 
reserves of the order of 4424 Mt at 0.9 % Cu. Several 
stages of molybdenite mineralisation have been identified 
between 6.4 and 4.2 Ma (Maksaev ef al., 2003). The 
mineralisation is hosted by andesitic volcanics, 


hydrothermal breccias, felsic porphyries and tonalite 
intrusives. The late mineralisation event was accompanied 
by the intrusion of the Teniente Dacite porphyry, which 
yielded a zircon U-Pb age of 5.05 +0.12 Ma, a molybdenite 
Re-Os age of 5.14 + 0.03 Ma and a sericite Ar-Ar age of 
4.96 + 0.03 Ma. The latest magmatic record is given by 
the intrusion of the hornblende rich dykes at 3.94 + 0.32 
Ma (inverse isochron Ar-Ar age). Apatite (U-Th)/He ages 
for the dacite porphyry range from 2.7 to 3.4 Ma. 


Discussion and Interpretation 


Duration of Hypogene Ore Formation: Measured vs 
Modelied 


Zircon U-Pb and zircon (U-Th)/He ages of intrusion-related 
ore deposits can potentially be used to constrain the duration 
of hypogene ore formation because their closure 
temperatures bracket the magmatic-hydrothermal 
temperature interval of 750° to 200°C. Taking into account 
the age uncertainty estimates, the age differentials indicate 
a maximum period of ore deposition of 3 m.y. for Sar 
Cheshmeh, 1.4 m.y. for Rio Blanco, and around 0.5 m.y. 
for Abdar and Meiduk (Table 2). However, other studies 
have constrained, through the use of multiple 
geochronology methods and the age dating of intrusions 
that cross-cut mineralisation, that intrusion-related 
hydrothermal mineralisation takes place within hundred 
thousand year time frames: Sar Cheshmeh, ~160 Ka 
(McInnes et al., 2003); Batu Hijau, ~80 Ka (Garwin, 2002); 
Grasberg, ~100 Ka (Pollard et al, 2004); Lepanto-Far South 
East, 100-300 Ka (Arribas et al., 1995); Round Mountain, 
~100 Ka (Henry et al., 1997). It is probable that these 
duration estimates are also maximum values, taking into 
account the resolution achievable using radiometric dating 
methods. 


The measured geochronology data (Table 2 and Fig. 9), 
intrusion size estimates and a range of emplacement depths 
(Table 3) were input into GeoModel v. 1.0 to iteratively 
reproduce an idealised time-temperature history for each 
deposit (Fig. 10). Because the solubility of chalcopyrite, 
the main hypogene ore mineral in porphyry deposits, 
decreases by over two orders of magnitude in hydrothermal 
fluids during a temperature reduction from 500 to 300°C 
(McPhail and Liu, 2002; Liu and McPhail, submitted), it is 
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Figure 9: Thermal history results as revealed from age data. 
Agos arc plotted against closure temperature for the given mineral 
and dating method. Tho steepness ofthe resultant curve is indicative 
of the rate of cooling of the sample studicd. 
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possible to estimate the duration of hypogene ore formation 
for each deposit studied by extracting inverse thermal 
modelling outputs through this temperature interval 
(Table 3). The modelled ore formation duration results 
are consistent with intervals previously determined for 
deposits for which we have comparative data: Sar 
Cheshmeh - 270 Ka (this study) vs. -160Ka (McInnes ef 
al, 2003); Batu Hijau - 16 Ka (this study) vs. ~80 Ka 
(Garwin, 2002); Grasberg - 15 Ka (this study, assuming 
the zircon U-Pb age is similar to the biotite Ar-Ar age) vs. 
~100 Ka (Pollard et al., 2004). Without wishing to put too 
fine a point on the modelling outputs, those deposits with 
ore formation durations less than 100 Ka scale are Grasberg, 
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Batu Hijau, El Teniente, Abdar and Meiduk, whereas Sar 
Cheshmeh and Rio Blanco fall into an intermediate categoty 
(100-1000 Ka), and Ciemas shows the longest period of 
mineralisation potential because it has taken more than 1000 
Ka to cool through the 500-300°C interval (Fig. 11). 


Emplacement Depth 


The main parameters controlling the cooling rate of an 
intrusion are size, emplacement depth and heat transfer 
efficiency (conductive vs. advective cooling regime). For 
similar sized intrusions, deep emplacement and conductive 
thermal regimes will produce the lowest overall cooling 
rates whereas shallow emplacement and advective regimes 
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Figure 10: Graphical depiction of 
modelling results for each of the 
deposits studied. While the thermo- 
end geochronology data provides an 
average cooling rate over temperatures 
constrained by the closure temperatures, 
the modelling component adds 
considerable detaj) to the interpretation 
of thermal history including 
emplacement depth and time, cooling 
rate during the two main stages of 
cooling (scc text) and time of exposure 
at the surface (Fu ef al.. 2005). 
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will produce the fastest cooling rates. Raw average cooling 
rates for the porphyry deposits were calculated (Table 3) 
based on the age data in Table 2. Of the deposits studied, 
Grasberg has the fastest (>1000%C/m.y.) and Ciemas the 
slowest (<100°C/m.y.) raw average cooling rates, with the 
remaining deposits falling within 100-1000°C/m.y. range 
(Table 3). Overall average cooling rates calculated by 


GeoModel v. 1.0 (Table 3) are consistent with the raw 
results. 


Porphyry Deposit 


Range of Possible Emplacement Depths 3800- 
m)* 5500 


Best Fit Emplacement 
Depth (m) ** 190 
Age of Emplacement 


Age deposit cooled *** 
Ma 
Age of Exposure at Surface **** 
Ma 


Raw Average Cooling Rate 
from Age Data 
Modelled Overall 
Average 
HydrothermalCooling 
Exhumation Cooling 
Duration 
(K.y.) 

Cooling Rate(”C/M y.) 
Average Exhumation 
Rate (km/M.y. 

Porphyry eroded since exposure (m) 


80.0 


742 


Cooling Rate # 


73.5 
23 
27 
74 


A 
0 
1 


Modelling 
Parameters 


palaeosurface to the top of the igneous body. 
geothermal gradient conditions. 
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surface temperature of 10°C. 


0.06 ۰ 


Kerman Belt, Iran Chile — 
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Assumptions and Notes 


Constant surface temperature = 10.0 °C; Constant heat flow from bottom = 65 mW/m*C 

Thermal gradient = 50.0 °C/Km (Abdar: 60°C/Km); Initial temperature = 1000 °C; Diffusivity = 10% m/s. 

* Range of possible valid values for emplacement depth (m) for each intrusion. A process of iteration and elimination is 
used to find the best fit value (see Appendix I). ** Emplacement depth is defined in the model as the distance from the 


*** The igneous body has "cooled" when it reaches the same temperature as the surrounding country rock under normal 
**** Age of Exposure is defined as the time when the top of the igneous body is exposed at surface and begins to be 


# The raw average cooling rate derived from the age data is calculated as ((closure temperature of U-Pb)-(closure 
temperature of apatite (LI-Th)/He)) / ((age determined by U-Pb) — (age determined by apatite (U-Th)/He)). "Overall 
Average" cooling rate refers to the cooling rate calculated by GeoModel v.1 over the complete cooling history from 
1000°C to surface temperature of 10°C. Magmatic-hydrothermal cooling refers to the cooling from emplacement to the 
"cooled" state as defined above. Exhumation cooling refers to the interval from the "cooled" state through to cooling to 


##D = stock diameter, W = dyke width. Although the horizontal dimension of an igneous body is either known or can be 
closely estimated from geological evidence, its height (H) is often very difficult to determine because most drilling has 
only partially penetrated the ore body. Extension of the intrusion at depth would decrease cooling rate. Because the 
height is often poorly constrained, the emplacement depth, eroded thickness and height of the igneous body are three 
variables that have to be assumed for each run of the model. These variables are independent and their values will 
affect the cooling history of the sample. The current solution to this three-variable problem is to make estimates of the 
variables and then iterate the calculation unti! the model produces a curve that passes through all the age data points 
(see Appendix I). Using this method, the erosion rate at Sar Cheshmeh, for example, was determined to be 


Table 3: Summary of inverse thermal modeling results using GeoModel 1.0 


As discussed in an earlier section, GeoModel v. 1.0 solves 
for emplacement depth during cooling in a conductive 
thermal regime, and therefore the minimum depths of 
emplacement can be determined for intrusions of a given 
size. Á range of possible emplacement depths along with a 
best fit model depth are provided in Table 3, and the results 
are schematically presented in Fig. 11. The model depth 
of emplacement for the Iranian porphyry deposits indicate 
that Sar Cheshmeh was emplaced at deeper levels than the 
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Meiduk and Abdar intrusions (Table 3, Fig. 11). Geological 
reconstruction of the Kuh-e-Masahim volcano indicates that 
approximately 2 km of volcanic cover overlying the Abdar 
intrusion has been eroded (McInnes, unpublished data), 
consistent with the minimum possible emplacement depth 
generated by the mode] (Table 3). Similarly in Indonesia, 
model depths of emplacement for Grasberg of 800 m are 
supported by independently determined geological data that 
the Main Grasberg Intrusion was emplaced into a volcanic 
edifice within 1 km of the palaeosurface (MacDonald and 
Arnold, 1994; Weiland and Cloos, 1996). At Batu Hijau, 
the modelled depth of emplacement of 2400 m (-400/ 
+600 m) ts consistent with palacodepth reconstruction by 
Garwin (2002) of 2000 + 500 m. The depth estimate for 
the Ciemas deposit is 5500 m below the palaeosurface, 
although this cannot be corroborated by other geological 
data. In Chile, the depth of emplacement of the El Teniente 
dacite porphyry is estimated to be around 2900 m whereas 
the PDL and PQM tntrusion samples from the Rio Blanco 
deposit were emplaced at a depth of 5400 m (Table 3, 
Fig. 11). 


Hypogene Copper Grade as a Function of Cooling Rate 


Temperature is one of the fundamental variables controlling 
the solubility of copper in magmatic-hydrothermal systems 
(McPhail and Liu, 2002; Liu and McPhail, submitted) and 
therefore thermal history analysis may prove useful in 
understanding processes that produce high-grade hypogene 
ores. One way to rapidly deposit Cu-sulphide minerals 
within small rock volumes is to pass a hydrothermal fluid 
through a steeply declining thermal gradient. In contrast, 
weak thermal gradients should generate more diffuse haloes 
of Cu mineralisation. A schematic representation of this 
concept is provided in Fig. 1 where Cu transport and heat 
transfer are treated as diffusive processes. Under these 
conditions, intrusions emplaced within the uppermost crust 
should experience greater thermal gradients than those 
emplaced in mid-crustal regions where temperature regimes 
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are moderated by the Earth's geotherm. Support for the 
cooling rate hypothesis can be found in the Indonesian study 
set (Fig. 11). Grasberg, the most shallowly emplaced 
intrusion-related hydrothermal system with a high average 
Cu grade of 1.08% experienced the highest rate of cooling 
of any porphyry system studied. In contrast, the Ciemas 
porphyry with an average grade of 0.276 Cu has the slowest 
cooling rate over the hypogene temperature interval (almost 
200°C/m.y.) and is interpreted to be the most deeply 
emplaced intrusion (5.5km). It took over | m.y. for Ciemas 
to cool through the hypogene Cu window, and tt is possible 
that the low Cu grades for the deposit might be explained 
by the fact that the original magmatic Cu was distributed 
over a larger volume of country rock. It is suggested 
therefore that in the Indonesian examples, Grasberg 
experienced the thermal gradient conditions of the pluton 
depicted in the right of Fig. 1 and Ciemas represents the 
pluton on the left. This is also supported by their contrasting 
"hockey stick" patterns shown in Fig. 9. 


Thermal history analysis of the Rio Blanco deposit (average 
grade of 0.79% Cu) indicates that it was emplaced at almost 
the same depth as Ciemas, yet Rio Blanco cooled ten times 
faster through the hypogene Cu window. This example 
points out that emplacement depth is not the only controlling 
factor and that advective heat transfer processes also need 
to be considered. The permeable breccia formations at Rio 
Blanco may have provided a more efficient heat transfer 
mechanism than that which existed during the cooling of 
the Ciemas magmatic-hydrothermal system and this might 
explain why the Cu grade is relatively higher at Rio Blanco. 
Although this preliminary study suggests a correlation 
might exist between cooling rate and hypogene copper 
grade in porphyry Cu deposits, it is not know whether 
thermal history analysis can be applied to mineral 
exploration. Other factors such as total metal availability 
reactivity of wall rock (e.g., carbonates at Grasberg) and 
periodic pulses of metal emplacement cannot be assessed 


Figure 11: Schematic representation 
of emplacement depth as 
determined by GeoModel. 
Intrusion diameters arc thosc uscd in 
the model (Table 3) and all intrusions 

are modelled at 1600 m high. Dotted 
2 cylinder represents the amount of 
material croded from cach intrusion 
since exposure at surface (Table 3). 

Numbers inside cylinders represent the 

modcllcd duration of the 300-500°C 

cooling interval for each intrusion 

(Ky). The higher the cooling rate over 

this same temperature interval, the 

darker the shading of the cylinder. 


El Teniente 
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through thermal history analysis. More studies of intrusions 
on a regional scale are needed to increase the data density 
and definitively assess the relationships between cooling 
rate and hypogene Cu grade, 


Preservation Potential of Hypogene 
Ores and Potential Formation of 
Supergene Ores 


As discussed earlier, GeoModel y. 1.0 treats the cooling of 
intrusive bodies from magmatic temperatures to surface 
temperatures (in this study nominated as 10%C) as a two- 
stage process: i) magmatic-hydrothermal cooling (R in 
Fig. 1) and ii) exhumation cooling (R in Fig. 2). 
Exhumation cooling is controlled by the rate of removal of 
cover material overlying the sample by tectonic (e.g., 
extension) and/or erosional processes (e.g., glaciation). If 
a post-emplacement exhumation rate can be determined 
for an intrusion, then an assessment of the preservation 
potential of associated hypogene mineralisation can be 
made. Exhumation rates for the porphyry deposits studied 
range from 0.3 to 1.1 km/m.y. (Table 3). The highest overall 
exhumation rates were for Rio Blanco (1.1 km/m.y.) and 
El Teniente (0.6 km/m.y.) consistent with their occurrence 
in glaciated alpine terranes undergoing relatively rapid 
uplift. Grasberg, in a similar orogenic and climatic setting 
has a lower calculated exhumation rate of 0.38 km/m.y.. 
Other workers (Weiland and Cloos, 1996; Hill et al., 2002) 
have argued that although rapid denudation (0.7-1.0 km/ 
m.y.) is occurring along major thrust fronts actively forming 
the New Guinea Fold Belt, these fronts are 50 km distant 
from the Grasberg deposit and that the peak uplift forces 
have not yet transitioned to the Grasberg area. The other 
deposit with relatively high exhumation rates is Batu Hijau 
(0.72 km/m.y.), where a combination of collision-driven 
Pliocene uplift (Garwin, 2002 and references therein) and 
pluvial processes were occurring. Collision-driven uplift 
is also a feature of the Kerman Belt where the majority of 
uplift is occurring along the actively deforming Zagros 
Thrust Zone. The exhumation rates determined for the Sar 
Cheshmeh, Meiduk and Abdar deposits are within a narrow 
range of 0.3-0.4 km/m.y., presumably because they are 
located co-parallel and 80 km distant from the Zagros Thrust 
Zone. 


Understanding the rate of exhumation for a mineral district 
or a metallogenic belts has implications for area selection 
during mineral exploration. Quantifying exhumation rate 
permits an assessment of the erosion potential of hypogene 
ores and an evaluation of the potential for supergene ore 
formation from eroded hypogene deposits. Fig. 11 portrays 
the amount of erosion experienced by each intrusion as a 
dashed cylinder. In Indonesia, Batu Hijau has experienced 
the least amount of erosion since exposure whereas Ciemas 
has experienced the most. In Chile, the thickness of eroded 
porphyry mineralisation at Rio Blanco is almost twice that 
eroded at El Teniente. Although the deposits of the Kerman 
belt have similar exhumation rates, differences in their 
exposure age indicate substantially different amounts of 
potential hypogene mineralisation have been eroded. 


Taking Sar Cheshmeh as an example, the porphyry copper 
deposit was exposed 5.2 million years ago and was 
exhumed at a rate of 0.39 km/m.y. (Table 3), while the 
erosion rate for the porphyry since exposure is estimated 
to be about 0.06 km/m.y. (see notes, Table 3). These 
calculations infer that 312 m of porphyry Cu mineralisation 
has eroded since exposure of the porphyry at surface. 
Assuming an average copper shell thickness of 100 m and 
a rock density of 2.7 g/cm?, the total amount of rock eroded 
from the Sar Cheshmeh porphyry system was about 810 
million tonnes (Mt). The Sar Cheshmeh porphyry was 
intruded by three copper-poor igneous dyke units that 
account for about 1/3 of the deposit volume, so the total 
amount of eroded ore is reduced to 540 Mt. Ata minimum 
copper grade of 0.64%, the total amount of copper eroded 
equates to around 3.5 Mt, which is nearly half of the 
remaining reserve as estimated in 1998. If the amount of 
supergene Cu contained at Sar Cheshmeh is less than the 
amount of Cu contained in the material eroded, then the 
unaccounted Cu may be contained in Exotica-type deposits 
below sedimentary and volcanic cover in the region. This 
assumes the rate of uplift and erosion did not outstrip the 
rate of weathering and leaching since the deposit was first 
exposed. Similar calculations can be performed for the 
other deposits to assess both the preservation potential of 
hypogene shells and the potential for formation of 
supergene ore deposits. 


Conclusions 


i) Combining apatite (U-Th)/He, zircon (U-Th)/He and 
zircon U-Pb ages provides a thermal history for 
porphyry deposits over a temperature range of >700°C, 
Information that can be obtained from thermal history 
analysis includes the timing and depth of emplacement 
of igneous units, the cooling rate during hypogene 
copper deposition and the exhumation rate of the 


porphyry deposit. 


ii) The disruption of the steady state geothermal gradient 
during the emplacement of igneous intrusions places 
limitations on the direct usage of (U-Th)/He age dating 
in the determination of emplacement depth and 
exhumation rates. Numerical modelling techniques 
provide an effective and complementary tool for 
quantifying cooling and emplacement parameters. 


111) We postulate that strong thermal gradients present the 
most ideal conditions for the generation of high-grade 
hypogene Cu ores, whereas more diffuse mineralisation 
haloes would be expected for more slowly cooled 
porphyry systems. Thermal history analysis using 
“triple dating” U-Pb-He techniques provides some 
support for a positive correlation between short duration, 
rapid cooling from 500 to 500°C and emplacement 
depth, however the database is limited and additional 
district-scale studies are required. 


iv) Understanding the rate of exhumation for a mineral 
district or a metallogenic belt permits an assessment of 
the erosion potential of hypogene ores, as well as the 
formation potential of supergene ores from eroded 
hypogene deposits. 
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Appendix I. Explanation of Model Parameters 
Sample Position, Eroded Thickness of the causal intrusion, and Initial Sample Depth 


A software package, GeoModel v. 1.0, has been developed to conduct inverse thermal modelling of U-Pb-He age data 
(Fu et al., 2005). In order to run the algorithm, the sample position within the intrusion must be either known or assumed. 
As shown in Fig. 12, the distance from the “top” of the intrusion to the sample position at the Present Surface is defined as 
the “Eroded Thickness”. 


If the sample was collected from the Present Surface, then the position of the sample at the time of emplacement, termed 
the Initial Sample Depth, is defined as the: 


Emplacement Depth + Eroded Thickness 
If samples are taken from drill holes, then the Initial Sample Depth 


= Emplacement Depth + Eroded Thickness + vertical distance below Present Surface. 


Calculation of Emplacement Depth 


Determination of emplacement depth and calculation of Initial Surface Emplacement Time 
erosion rates is based on the assumption that erosion 
processes have occurred continuously at the surface since 
the time of intrusion. For each run of the model, we assign 
initial values for the Emplacement Depth and Eroded 
Thickness of the intrusion and then calculate a cooling curve 
for the sample. If this cooling curve passes through all of 
the measured age data points, then this run of the model is 
considered to be successful, and the Emplacement Depth 
and Eroded Thickness are "possible" valid values. The 
word “possible” is used here because there are a number of 
other pairs of Emplacement Depth and Eroded Thickness 
values that can also satisfy the mode] and result in successful 
cases. This introduces some uncertainty in the final result. 
Fortunately, the Emplacement Depth can be limited to a 
certain range. Beyond this range, no matter what value of 
Eroded Thickness is taken, the model will fail. Similarly, Figure 12. Terminology of inverse thermal modeling of 
the Eroded Thickness can be limited to a narrow range. cylindrical intrusions in GeoModel v 1.0 (Fu et aL, 2005) 


Calculation of Exhumation Rate 


The apatite (U-ThyHe age was used to calculate a depth (called He Depth) which corresponds to the position of the sample 
at the time of closure for apatite (U-Th)/He. For example, if we assume the apatite (U-Th)/He age is 1 Ma with a closure 
temperature = 90?C (based on a cooling rate of 100%C/m.y.), a surface temperature = 10 *C, and a thermal 
gradient = 50°C/km, then the depth of the sample at I Ma: 


He Depth = (90-10)/ 50 = 1.6 km 
So, we can say, under the above conditions, that the sample was at a depth of 1.6 km below the surface 1 m.y. ago. 
The erosion rate (Rate 1), before exposure is defined as: 
Rael = Initial Sample Depth - He Depth ۰ دم‎ Equation 1 
Emplacement Time — He Age 
The erosion rate (Rate 2), after exposure of the intrusion is defined as: 


Rate 2 = IS e Equation 2 


Exposure Age 
Where the Eroded Thickness of Intrusion 


= Initial Sample Depth — Rate 1 x [ Emplacement Time — Exposure Age ] 


The Exposure Age will be generated automatically by the model when the top of the intrusion is exposed and begins to 
erode. 


The calculation of He Depth is based on the assumption that the intrusion is already “cooled” (as defined in Table 3 and the 
text) before it passes through the closure temperature of apatite (U-Th)/He. Most deposits in this study fall into this 
category. If itis not “cooled” (like Grasberg), the calculation is more complicated but follows the same general assumptions 
outlined above. 
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Example: Determination of emplacement depth and exhumation rate for the Batu Hijau porphyry system 


Thermochronometry Closure temp Age (Ma) 


Apatite (U-Th)/He 2.23 + 0.09 He Depth = 1600 m 
K-Ar 3.73 +0.08 


U-Pb 3.74 ± 0.14 Emplacement time=3.74 Ma 


Batu Hijau was modelled as a cylindrical stock with a diameter of 500 m and height of 1700 m. Theoretical modelling 
studies show that igneous bodies 500 m wide and about 2000 m high would be “cooled” within «1 m.y. if the Emplacement 
Depth was <10 km. So the Batu Hijau porphyry would have “cooled” before it reached the apatite (U-Th)/He closure 
temperature (90°C). 


We can constrain the valid range of Emplacement Depth for Batu Hijau before running the model. For example: 


1) If Emplacement Depth = 2.6 km and Eroded Thickness of porphyry = 0m, the erosion rate before exposure is about 
0.66 mm/yr using Equation [. 


Rate 1 = (2.6 km - 1.6 km) / (3.74 Ma - 2.23 Ma) = 1.0km / 1.51m.y. = 0.66225 km/m.y. (or mm/yr) 


At this rate, Batu Hijau would still not be exposed because the eroded thickness of country rock would be 2.48 km 
(0.66225 km/m.y. * 3.74 m.y.), less that the emplacement depth (2.6 km). Therefore, the emplacement depth must be 
deeper than 2.6 km. 


li) If we assume the Eroded Thickness of the porphyry is 0~1000m, the mmimum Emplacement Depth for Batu Hijau is 
2.2 ~ 2.6 km; 


iii) If Emplacement Depth = 3.5 km and Eroded Thickness of porphyry = Om, the model will generate an erosion rate 
before exposure of about 1.33 mm/yr and an erosion rate after exposure of about 0.003 mm/yr. The exposure time 
would be 1.05Ma. This is an unlikely scenario so the Emplacement Depth must be less than 3.5 km. 


iv) If we assume the Eroded Thickness of porphyry is 0~1000 m, the maximum Emplacement Depth for Batu Hijau is ~ 
3.0-3.4 km; 


v) Once the Emplacement Depth is constrained, we can also constrain the Eroded Thickness of the intrusion by considering 
the erosion rate of the overlying country rock and porphyry rock units. 


Then, based on the ranges of Emplacement Depth and Eroded Thickness obtained, we can generate a cooling curve that 
matches all the measured age data and produces reasonable erosion rates. An Emplacement Depth of 2.8 km and Eroded 
Thickness of about 160 m are geologically reasonable and produce a cooling curve that successfully passes through all age 
data points (Fig. 9e). The calculated average erosion rate for the Batu Hijau porphyry is 0.26 mm/yr, a value consistent 
with erosion rates calculated for other porphyry units in the region (e.g., Grasberg = 0.24 mm/yr and Ciemas = 
0.15 mm/yr). 
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THE ANDEAN PORPHYRY SYSTEMS 


Francisco Camus 
Codeico-Chile, Santiago, Chile 


Abstract - The Chilean Andes comprise the most richly endowed copper province on Earth. A total 
resource (including production) of about 490 million tonnes of fine copper has been identified in more than 
63 porphyry copper deposits and numerous prospects. 


Andean porphyry deposits occur along five metallogenic belts that extend from central Chile to southern 
Perú and northwest Argentina. They formed between the Early-Late Cretaceous and Pliocene. Within these 
belts the deposits occur in clusters associated with multiphase plutonic complexes. This relationship is 
particularly prevalent in the Late Eocene-Oligocene belt, the most prolific of all. The time span between the 
oldest and youngest belt corresponds to the period in which contractional tectonism of the Andean cycle was 
established and developed from Late Cretaceous to Recent. 


The five porphyry belts reflect Andean tectonomagmatic evolution, with progressive eastern migration of 
volcanism and plutonism with time. Arc migration correlates with discrete and transient periods of increased 
convergence velocity and convergence angle. These periods coincide with the strongest deformation events 
that in turn correlated with the temporal development of each one of the five porphyry belts. These events 
resulted in regional uplift, shortening, and crustal thickening which in turn produced syn-orogenic erosion. 


Porphyry copper emplacement occurred syn-tectonically and the resultant multiphase intrusive complexes 
have variable compositions ranging from granodiorite to tonalite, monzonite and quartz monzonite evolving 
in all cases from intermediate composition pre-mineral phases to more felsic intra-mineral phases. A reversal 
to more mafic magmatism has been reported locally. 


Alteration and mineralisation processes evolved from early magmatic stages dominated by high-temperature 
fluids to late stages dominated by low or moderate-temperature hydrothermal fluids with magmatic and 
meteoric components. 


Supergene modifications such as oxidation, leaching and secondary enrichment have been very important in 
developing the high-grade copper orebodies that are presently being profitably mined in the Andes. Lateral 


migration of copper-bearing solutions has developed proximal exotic deposits. 


Introduction 


Chile and southern Perú contain one of the largest copper 
concentrations on Earth. A total resource (including 
production) of about 500 million tonnes of fine copper has 
been identified in 63 porphyry copper deposits (Fig. 1). If 
10 million tonnes of contained fine copper is taken to be 
the minimum tonnage required to classify porphyty copper 
deposit as a giant ore deposit, then this part of the Andean 
cordillera contains eleven of the 20 giant porphyrtes along 
the Circum-Pacific belt. Among them are the three largest 
of all, El Teniente, Rio Blanco-Los Bronces and 
Chuquicamata (Fig. 1), all containing resources plus 
production above 50 million tonnes of fine copper. El 
Teniente is the largest of all with 94.4 million tonnes of 
fine copper (resources plus production). Currently Chile 


This paper is an updated and revised version of "The Andcan Porphyry 
Systems" by Camus, F. 2002, first published in Cooke, D.R. and 
Pongratz, J. (Eds.) Giant Ore Deposits: Characteristics, genosis and 
exploration, CODES Special Publication 4, p. 5-22, June 2002, 
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produces about 4.94 million tonnes of fine copper annually, 
which represents around 37% of global production. 


The presence of so many large copper porphyries has 
intrigued researchers throughout the 20th century. 
Exploration efforts, with the discovery of about 12 world- 
class porphyry copper deposits in the last 25 years, have 
enhanced interest in understanding the Andean geological 
evolution and metallogenesis. The geological processes 
that are common factors in controlling the emplacement of ` 
these ore bodies along the porphyry copper belts located in 
the Domeyko cordillera and in the Andes of central Chile 
have been the subject of research by numerous individuals 
in Chile and elsewhere. As a consequence, during the last 
15 years, the understanding of the tectonomagmatic 
evolution of the Chilean porphyry copper systems has 
greatly progressed. The results of these efforts have been 
communicated widely at international conferences, 
technical journals and special publications (e.g., Sillitoe 
and Camus, 1991; Camus er al, 1996; Skinner, 1999; 
Camus, 2003). 
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Figure 1: 
shown together with ages in million years (Ma). 


The Andean Porphyry Deposits 


In the central Andes, porphyry copper-molybdenum and 
gold-rich porphyry deposits occur in seven temporally 
discrete, roughly parallel north-trending metallogenic belts 
that extend from central Chile and NW Argentina to 
southern Perú. Of the seven belts, six occur in Chile and 
their time spans are as follow: Late Palaeozoic-Triassic 
(239-195 Ma); Cretaceous (132-73 Ma); Paleocene-Early 
Eocene (65-50 Ma); Late Eocene-Oligocene (43-31 Ma); 
Upper Oligocene to Middle Mtocene (23-12 Ma); and Late 
Miocene-Pliocene (12-4 Ma). Most of the porphyry copper 
mineralisation occurs in the three youngest belts which are 
located in northern and central Chile (Fig, 1). 


Copper, molybdenum and gold endowments in the Chilean 
porphyries are greatest in the youngest systems. Fig. 2 
shows a rather gradual increase of the abundances of these 
three metals with respect to time, with the Late Eocene- 
Oligocene and Late Miocene-Pliocene being the most 
important periods of copper-molybdenum-gold deposition. 
The increase in copper and molybdenum deposition from 
the Cretaceous relative to the Late Miocene-Pliocene is 
almost 39 and 66 times respectively, whereas gold increases 
approximately five times. This significant increase in metal 
content can also be recognised at the level of individual 
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belts. In the Late Eocene-Oligocene belt, three separate 
porphyry sub-stages can be differentiated with different 
time spans (Fig. 3): Early (43-41 Ma), Intermediate 
(39-36 Ma) and Late (34-31 Ma). The latter sub-stage 
shows the largest copper-molybdenum concentration and 
most of this large volume of metals is concentrated in only 
three deposits (Rosario, Chuquicamata and Radomiro 
Tomic, Fig. 3). The same situation occurs in the Late 
Miocene-Pliocene belt, where three porphyries account for 
more than 180 Mt of contained fine copper (Los Pelambres, 
Río Blanco-Los Bronces and El Teniente; Figs. 1 and 2). 


Geological Framework 


The Chilean porphyry deposits are associated with the 
geologic and metallogenic evolution of the Andean 
cordillera of Chile and neighbouring Argentina. Mesozoic 
and Cenozoic sedimentation, magmatism and tectonic 
deformation have dominated this region, and are 
superimposed on a Palaeozoic basement, This complex 
history is the result ofthree tectonic cycles developed during 
the Early Palaeozoic (Famatinian cycle), Late Palaeozoic 
(Gondwana cycle) and the Mesozoic-Cenozoic (Andean 
cycle; Mpodozis and Ramos, 1990). Collision, subduction 
and accretion of allochthonous terranes characterised the 
Early and Late Palaeozoic cycles (Bahlburg and Hervé, 
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1997). In contrast, the Andean cycle lacks evidence of 
collision of major terranes. Its evolution is more related to 
subduction, with the initial development of a back-arc basin 
which evolved into a continental arc at the end of the Early 
Cretaceous. The emplacement and distribution of the 
porphyry copper-molybdenum, copper-gold and gold 
systems is closely associated with the geological events 
that took place during the evolution and development of 
the Gondwana and the Andean tectonic cycles, the latter 
being the most productive in terms of metal deposition 


(Fig. 2). 


Geological Characteristics of the 
Tectonic Cycles 
The Gondwana Cycle (Carboniferous to Middle Triassic) 


The Gondwana tectonic cycle was characterised by an arc- 
related subduction accretionary complex that extended 
along the Chilean coastal region south of 25°S latitude from 
Late Devonian to Early Jurassic (Mpodozis and Ramos, 
1990). Complex sequences of “I” and “S” type granitoids 
and related volcanic rocks of rhyolitic composition were 
emplaced along Chile and Argentina to the east of the 
accretionary complex. These rocks have been interpreted 
as products of anatexis within the framework of a period 
of extensional tectonics or as the result of the felsic 
differentiation of a calc-alkaline subduction-related 
assemblage (Mpodozis and Ramos, 1990; Mpodozis and 
Kay, 1992). 
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Several stages of compressional deformation have been 
recognised in Argentina. Associated with these 
deformational stages, two groups of porphyry copper 
occurrences can be recognised in Argentina (Sillitoe, 1977) 
and in northern Chile (Fig. 4). The oldest group of 
occurrences crops out principally in Argentina and covers 
the period 295-266 Ma. The youngest group (239-195 Ma) 
has only been recognised in northern Chile. These two 
groups can be correlated with similar groups in eastern 
Australia (Horton, 1978). None of them are of economic 
significance in South America today. 


The Andean Cycle (Mesozoic to Cenozoic) 


The Andean cycle is the most important tectonic event that 
occurred along the western margin of Gondwana. lt 
commenced during the upper Triassic, when a major 
palaeogeographic change took place and the Late 
Palaeozoic magmatic arc shifted westward to a new position 
near the present Chilean coast (Mpodozis and Ramos, 
1990). A complex series of interconnected extensional 
ensialic basins, most of them of half-graben type, formed 
behind the arc during the Jurassic-Early Cretaceous. The 
arc was built on the Palaeozoic accretionary prism in 
northern and central Chile, whereas the basement of the 
back-arc basins was the Late Palaeozoic magmatic belt 
(Mpodozis and Ramos, 1990). 


The back-arc basin system and its extensional tectonic 
framework were active until Early Cretaceous time. During 
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Geological resources + production for the three stages into which the Late Eacene-Oligocene porphyry 


copper belt has been subdivided. Figures in circles correspond to million tonnes of fine copper. 


the Late Cretaceous, the basins were inverted as a 
consequence of a major contractional deformation event 
related to the opening of the Atlantic Ocean (~ 130-135 Ma). 
They were then overprinted by a series of continental 
magmatic arcs that have migrated eastward with time. Arc 
magmatism has dominated the Andean evolution during 
the Upper Cretaceous and the Cenozoic. 
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The Jurassic-Cretaceous back-arc system was not 
continuous, and varied from ensialic to marginal basins. 
Consequently, the Late Cretaceous contractional event 
resulted in different styles of tectonic deformation 
(Mpodozis and Ramos, 1990), which in turn significantly 
influenced the metallogenic processes that developed 
during this cycle, especially those related to emplacement 
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of porphyry-style mineralisation. The largest and most 
important copper-molybdenum deposits of porphyry-style 
present along the Andean belt were formed during the 
contractional stage of this tectonic cycle, in addition to the 
more significant porphyry-gold occurrences. In contrast, 
during the extensional early stages of the Andean cycle, 
the formation of stratabound copper, copper-silver, IOCG 
deposits and magnetite-apatite iron oxide orebodies, 
characterised metallogenesis. 


Meso-Cenozoic Tectonomagmatic 
Evolution of Porphyry Systems 


Porphyry copper-molybdenum and porphyry gold deposits 
formed within the Andes since the Carboniferous, but those 
emplaced during the Andean tectonic cycles are the best 
preserved. They occur along five metallogenic belts 
(Fig. 1) that show similar geological features suggestive of 
a common genetic origin. These characteristics are 
described separately for each belt. 
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in the rectangles are million tonnes of fine copper. 


Cretaceous Belt (132-73 Ma) 


Towards the final stages of the evolution of the Jurassic- 
Early Cretaceous magmatic arc, porphyry-style 
mineralisation developed within what are now the eastern 
flanks of the Coastal Range, between 22°-36°S (Fig. 5a). 
This porphyry copper belt extends for 1500 km with a total 
of ten deposits and prospects having been discovered to 
date, selected examples of which are shown in Figs. | and 
5a. Atotal of 5.5 Mt of fine copper, including both resources 
and production, have been identified in this belt. 


The Cretaceous porphyry deposits and prospects occur in 
three discrete clusters, with ages decreasing from north to 
south (Fig. 5a). These clusters are located in northern Chile 
(Antucoya, Galenosa-Puntillas; 132-118 Ma); central Chile 
(Andacollo, Domeyko, Pajonales, Los Loros; 106-91 Ma; 
Fig. 5a) and southern Chile (San José, Polcura and Galletué; 
90-73 Ma). Economically, the most important deposit is 
Andacollo, where a medium size, immature secondary 
enrichment blanket is being mined (Fig. 5a). The northern 
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Location of the Andean tectonic cycle porphyry belts - (a) Cretaceous belt, and (b) Paleocene belt. The figures 


Chile cluster was localised by some of the eastern strands 
of the Atacama Fault System (AFS) a 1000 km long trench- 
linked strike-slip fault system (Figure Sa) that was active 
from Early Jurassic to Early Cretaceous (Brown et al., 
1993). The northern Chile Cretaceous porphyries consist 
essentially of oxide copper mineralisation. 


Within the framework of the tectonomagmatic evolution 
of the Andes, the Cretaceous belt formed at a time of 
profound tectonic change. An extensional tectonic regime 
and high angle “Mariana-type” subduction had dominated 
since the Late Triassic. This was transformed to a 
contractional tectonic regime and development of a 
“Chilean” type subduction zone, due to an increase in the 
rate of convergence. The oblique NW convergence vector 
of the Phoenix plate that dominated from Jurassic to Early 
Cretaceous, shifted gradually to a more orthogonal vector 
(Williams, 1992). This change favoured the emplacement 
of porphyry systems along reactivated normal faults. 
Magmatism also underwent a change, from intermediate 
diorite, quartz diorite and gabbro to more alkaline and silica 
rich tonalites and dacite porphyries. This compositional 
change discriminates the pre-mineralisation and syn- 
mineralisation intrusions in the Cretaceous belt. 
Petrochemically, the intrusions are high K calc-alkaline to 
shoshonitic (Rogers, 1985; Williams, 1992). According to 
Munizaga et al., (1985), initial Sr isotopic ratios for some 
of the intrusions associated with the porphyry systems 
emplaced during the 106-97 Ma time span vary between 
0.703-0.704, suggesting limited crustal contamination. 


Paleocene Belt (65-50 Ma) 


The Paleocene belt extends for 1500 km from southern Perú 
(16?20'S) to northern Chile (29*30'S). Along its length, a 
total of twelve porphyry deposits and prospects occur, four 
of them in southern Perú and the remainder in Chile 
(Fig. 5b). The southern end of the belt contains six gold- 
silver epithermal systems of high and low sulphidation 
style. Towards the southern end of the belt, several groups 
of small tourmaline breccia pipes are recognised (Sillitoe 
and Sawkins, 1971). 


When compared to the Cretaceous belt, the Paleocene belt 
shows a significant increase in copper content (Fig. 2). As 
can be seen in Figs. 5a and 5b, the total contained copper 
increases from 5.5 Mt of fine copper in the Cretaceous belt 
to 52 Mt in the Paleocene belt. 


The Paleocene belt represents the eastward migration of 
the magmatic arc during the Late Cretaceous to Paleocene. 
This migration was initially developed in southern Perú 
(16°S latitude) during the Peruvian compressive phase 
(84-79 Ma). It was followed by the Incaic I tectonic phase 
(59-52 Ma) that, in northern Chile, extended south to about 
23-24°S latitude (Maksaev, 1979; Noble et al., 1985; 
McKee and Noble, 1990; Benavides-Cáceres, 1999). 
During most of the Paleocene, the principal compressive 
stress vector was E-directed, associated with an increase 
in the rate of convergence (>15 cm/year) related to the 
Incaic I tectonic phase (Pardo-Casas and Molnar, 1987). 
According to Williams (1992) mineralisation in this belt 
commenced at 65-60 Ma with the emplacement of several 
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epithermal deposits (San Cristóbal, El Peñón and Guanaco). 
Porphyry style mineralisation developed only at the end of 
this period at Lomas Bayas and Sierra Gorda (Fig. 5b). 


The main copper mineralising stage of the Paleocene belt 
occurs within the 60-55 Ma interval, coincident with the 
development of major structural systems such as the 
Incapuquio and Micalaco Faults in southern Perú. The 
Incapuquio and Micalaco Faults are very complex and show 
sinistral/transcurrent, normal and dextral/reverse 
movements that have been traced for more than 140 km 
and probably controlled the emplacement of the Toquepala, 
Cuajone and Quellaveco porphyry cluster (Zweng and 
Clark, 1995). In northern Chile, during this same time 
period, the porphyries of Cerro Colorado, Mocha and 
Spence were emplaced, in addition to the low sulphidation 
epithermal systems of San Cristobal and El Peñón. To the 
north of Mocha and south of Toquepala, the belt is 
concealed beneath thick sequences of Late Oligocene to 
Miocene ignimbrite sheets (Tosdal ef al., 1984). 


From about 24°S latitude and during the 55-48 Ma time 
Span, no porphyry deposits were developed and 
metallogenesis was dominated by high and low sulphidation 
epithermal systems (Puig et al, 1988; Fig. 5b). It is 
important to note that most of these deposits occur in 
association with volcanic centres and calderas (Puig ef al., 
1983; Cornejo and Mpodozis, 1996). This period coincides 
with decreased convergence rates favouring extensional 
tectonics, and contrasts with the preceding compressional 
regime that resulted from decoupling between plates. 


During the Paleocene, magmatism along the Chilean section 
of the belt is characterised by the presence of multiphase 
intrusions with compositions varying from gabbro, 
granodiorite, quartz diorite, quartz monzonite and diorite, 
with granodiorite being the predominant plutonic rock 
(Williams, 1992). These rocks are cal-alkaline, meta- 
aluminous, low in Fe and high K (Williams, 1992). REE 
patterns indicate low La/Yb ratios (3.2-7.5) and negative 
Eu anomalies, indicating a low pressure fractionating 
mineralogy dominated by plagioclase, olivine and pyroxene 
in a magma source equilibrated with a thinner crust 
(<40 km; Williams, 1992). An exception is the granodiorite 
porphyry associated with the Cerro Verde-Santa Rosa 
(Fig. 5b) deposit, where La/Yb ratios of 20-22 have been 
determined (Le Bel, 1995). 


Late Eocene-Oligocene Belt (43-31 Ma) 


The Late Eocene-Oligocene belt contains one of the largest 
concentrations of copper in the world. Thirty three 
porphyry copper-molybdenum and porphyry copper 
deposits and prospects have been identified to date, 
containing ~241 Mt of fine copper (Fig. 6). The largest 
deposits are Chuquicamata (66.4 Mt fine Cu) and La 
Escondida (32.5 Mt fine Cu; Table 1). As shown in Fig. 6, 
porphyry systems in this belt occur in clusters of more than 
two to four deposits which are associated with large 
multiphase plutonic complexes. The belt extends for more 
than 1400 km along the Cordillera Domeyko in northern 
Chile and can be traced from the border with Perú (18°S 
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latitude) to 31°S (Fig. 6). Recently, it has been extended 
into southern Perú to approximately latitudes 13°30’ S 
where significant skarn and porphyry copper systems have 
been recognised (Perelló er al., 2003b). 


The Domeyko Cordillera is the end product of contractional 
deformation processes that began in the Late Cretaceous 
(70 Ma) and continued for more than 40 Ma. In the Late 
Cretaceous the Nazca plate began to move towards the 
South American plate and a gradual increase in the rate of 
convergence resulted in slab flattening (Skewes and Stern, 
1995; James and Sacks, 1999), According to Pardo-Casas 
and Molnar (1987) the most rapid convergence (>15 cm/ 
year) occurred between 50 and 42 Ma (Incaic cycle) and 
since 26 Ma (Quechua cycle). In between these periods, 
average rates were 5-5.5 13 cm/year. These periods of rapid 
convergence coincide with the culmination and 
development of the Domeyko Fault Zone (DFZ), which 
hosts six giant porphyry copper deposits. The DFZ (Fig. 6) 
is a narrow (~50 km wide and 1000 km long) fold and fault 
belt consisting of a complex segmented systems of first, 
second and third order en echelon faults showing different 
origins and histories, that has affected volcanic, sedimentary 
and plutonic rocks. The age of these rocks range from 
Palaeozoic to Recent (Cornejo et al, 1997; Mpodozis et 
al., 1993; Mpodozis et al., 1994; Cornejo and Mpodozis, 
1996; Tomlinson and Blanco, 1997a, 1997b; Reutter et al., 
1996; Tomlinson et al., 2001). 


Ás a consequence of the tectonic inversion of the Tarapacá 
basin, and the DFZ development, uplift, shortening and 
crustal thickening occurred along most of the Cordillera 
Domeyko (Mpodozis and Ramos, 1990; Cornejo ef al., 
1993; Kley and Monaldi, 1998). The structural and 
magmatic evolution and the development of the DEZ along 
the Cordillera de Domeyko belt were not simultaneous. 
Consequently, three main stages of porphyry emplacement 
can be recognised along this belt: a) early (43-41 Ma); 
b) intermediate (39-36 Ma); and c) late (34-31 Ma) (Figs. 3 
and 6), As can be seen in Fig. 3, the copper content 
gradually increases towards the late stage. Gold, by 
contrast, shows the highest content in the intermediate stage. 
The porphyry-related intrusions were emplaced syn- 
tectonically, probably through the mechanism proposed by 
Skarmeta and Castelli (1997). The Cobre porphyry in 
Potrerillos (Figs. 1 and 6) is an excellent example of a 
mineralised syn-tectonic intrusion (Tomlinson, 1994). 


Magmatism within the different porphyry stages consists 
of porphyritic and epizonal, relatively small felsic intrusive 
bodies that were emplaced between 1.5-2.5 km beneath 
the surface. They formed stocks and elongated tabular 
bodies controlled in morphology by the dominant structural 
patterns, and are part of major multiphase intrusive 
complexes that include pre, intra and post-mineral phases. 
The age difference between the pre and post mineral phases 
varies from 1 to 5 Ma. The largest known multiphase 
intrusive complex is the Los Picos-Fortuna Granodiorite, 
with ~200 km? of surface exposure and as much as five 
intrusive phases. Of these, the felsic phases are associated 
with four porphyry deposits (Toki, Opache, Quetena and 
Genoveva, Fig. 6). Petrographically these complexes have 
variable compositions between granodiorite, monzonite and 


quartz monzonite, and show clear fractionation trends, from 
intermediate pre-mineral, to more felsic intra-mineral 
phases higher in SiO, and KO, although reversals to more 
mafic magmatism have occurred locally (Cornejo et al, 
1997). 


Petrochemically these rocks are calc-alkaline, meta- 
aluminous, with high to moderate K, high FeO /FeO ratios 
indicating highly oxidised magmas, and they belong to the 
"I type, magnetite series. Their REE patterns show strong 
fractionation with high La/Yb ratios (^ 20-25). This data 
suggests the presence of high-pressure, hydrated magmas 
with amphibole and/or garnet in the magma source and a 
thicker continental crust (> 45 Km; Gustafson, 1979, Lopez, 
1982, Ishihara et al., 1984, Zentilli et al., 1995, Cornejo 
et al., 1997). 


Early-Middle Miocene (Maricunga) Belt (23-12 Ma) 


The Early-Middle Miocene Maricunga belt contains nine 
gold-rich porphyry systems (Vila and Sillitoe, 1991). Total 
identified gold resources are ~1300 tonnes occurring 
essentially in four deposits (Marte, Lobo, Cerro Casale and 
Refugio; Fig 7). 
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Figure 6: Location of the Andean tectonic cycle Late Eocene- 
Oligocene porphyry belt. The figures in the rectangles 
arc million tonnes of fine copper or tonnes of gold. 


The belt extends north-south for ~200 km (26°-28°S) along 
the western boundary of the Puna plateau in the Atacama 
region of northern Chile (Figs. 1 and 7). Itis dominated by 
the presence of a series of volcanic centres and internally 
drained saline basins. 


From a tectonic point of view, the Maricunga belt formed 
after migration of the magmatic arc eastwards from the 
Late Eocene-Oligocene belt to its present position, in 
response to the Incaic and Quechua tectonic cycles. The 
Maricunga belt is now situated within the present-day active 
volcanic arc of the Central Andes, lying in the transition 
zone between the steep and shallow dipping segments of 
the Wadati-Benioff zone (Kay et al., 1994; Mpodozis 
et al., 1995). 


The Maricunga belt is composed of series of stratovolcanos, 
dome fields and pyroclastic rocks, lava flows and ignimbrite 
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sheets that overlie a continental basement. The basement 
is composed of Mesozoic sedimentary sequences, and 
Palaeozoic plutons and coeval volcanics. The Maricunga 
belt developed as a result of the contractional deformation 
regime initiated at about 26 Ma (Quechua cycle; Kay et al., 
1994; Mpodozis et al., 1995). Porphyry gold mineralisation 
occurs in two sub-belts: western (25-20 Ma) and eastern 
(14-12.5 Ma) (Sillitoe etat., 1991). The Refugio and Santa 
Cecilia porphyry gold systems occur within the western 
sub-belt, while the Marte, Lobo and Cerro Casale gold- 
rich porphyries were emplaced along the eastern sub-belt 
(Fig. 7). In addition to the gold-rich porphyries, several 
high sulphidation gold-silver epithermal systems also occur, 
such as La Coipa, Esperanza, and La Pepa (Fig. 7). 
Multiphase intrusive complexes associated with 
mineralisation comprise dark-coloured diorite that is 
predominantly porphyritic, together with microdiorite and 
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Figure 7: Location of the Andean tectonic cycle Late Oligocene to Late Pliocene porphyry belts. The figures in the rectangles are million 


tonnes of fine copper or tonnes of gold. 


Table 1: Copper, molybdenum, gold resources, and production of selected Andean porphyry deposits 


Belt Deposit 
(a) Cretaceous Andacollo 
(b) Paleocene Cerro Verde 
Cuajone 
Quellaveco 
Toquepala 
Cerro Colorado 
Spence 
(c) Late Eocene- Esperanza 
Oligocene Gaby Sur 


El Salvador 
Quebrada Blanca 
El Abra 
Toki 
La Escondida 
Escondida Norte 
Collahuasi (Rosario) 
Collahuasi (Ujina) 


Radomiro Tomic 


Chuquicamata 


(d) Early-middle Refugio (Verde) 
Miocene Cerro Casale 
(Maricunga belt) Lobo 


Los Pelambres- 
El Pachón 


(e) Late Miocene- 
Pliocene 


Río Blanco/ Los 
Bronces 


El Teniente 


Resources 

Mt Cu, 96 
540 0.45 
810 0.66 
2,170 0,60 
965 0.63 
691 0.74 
194 1.00 
497 0.92 
514 0.60 
700 0.49 
974 0.63 
400 0.83 
1,544 0.55 
2,411 0.45 
2,262 1.15 
1,615 0.87 
3,108 0.82 
636 1.06 
4.970 0.39 
7,521 0.55 
216 0.10 
1,295 0.35 
80 0.12 
4,193 0.63 
6,991 0.75 
12,432 0.63 


Cu metal 
MI 


2,43 


5.35 
13.02 
6.08 
5.11 
1,94 
4.57 


3.08 
3,43 
6.14 
3,32 
8,49 
10.85 
26.01 
14,05 
25.49 
6.74 


19.38 


41.37 


0.22 
4.50 
0.10 


26.42 


52.43 


78.64 


Cu production Resouces + 


Mt production 
0.00 2.43 
0.61 5.96 
4.12 17.14 
0.00 6.08 
4.80 9.91 
0.57 2.51 
0.00 4.57 
0.00 3.08 
0.00 3,43 
5,15 11.29 
0.48 3.80 
0.85 9.34 
0.00 10.85 
6.48 32.49 
0.00 14.05 
0.00 25.49 
0.94 7,68 
0,55 19.93 

25.00 66.37 
0,00 0,22 
0.00 4.50 
0.00 0,10 
0.46 26.88 
4.30 56.73 
15.71 94.35 


Mo 
% 


0,01 


0.021 
0.030 
0.017 
0.030 
0.015 
0.000 


0.000 
0.000 
0.022 
0.015 
0.005 
0.000 
0.021 

0.000 
0.024 

0.009 


0.015 


0.024 


0.000 
0.000 
0.000 


0.02 


0.02 


0.02 


Mo metal 
% 


0.05 


0.170 
0.651 
0.164 
0.207 
0.029 
0,000 


0.000 
0.000 
0.214 
0.060 
0.077 
0.000 
0.475 
0.000 
0.746 
0.000 


0.746 


1.805 


0.000 
0.000 
0.000 


0.67 


1.26 


2.50 


Au 
git 


0.25 


0.000 
0.000 
0.000 
0.000 
0.000 
0.180 


0.260 
0.000 
0.100 
0.100 
0.000 
0.000 
0.100 
0.000 
0.010 
0.000 


0.000 


0.040 


0.88 
0.70 
1.60 


0.02 


0.04 


0.04 


Contained Au 
tonnes 


135 


246 


437 
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quartz diorite, A typical feature of these intrusive complexes 
is the presence of post-mineral dacite porphyry plugs (Vila 
and Sillitoe, 1991). 


REE patterns versus age, reported by Mpodozis et al., 
(1995), indicate increasing La/Yb ratios with decreasing 
age of volcano-plutonic products. La/Yb ratios of <20 occur 
in igneous rocks of 26-2] Ma, increasing to 60-80 in rocks 
of the youngest volcanic event (6-5 Ma). According to 
Mpodozis et al., (1995) this trend indicates a gradual 
increase in crustal thickness from 45 km at 26 Ma to 245 km 
at 5 Ma, with the highest La/Yb ratios reflecting a residual 
mineralogy dominated by garnet, typical of high pressure 
environments (Kay et al., 1991). During the two- 
mineralisation periods of 26-21 Ma and 14-12 Ma, La/Yb 
ratios are very similar (22-15), consistent with magmas 
dominated by intermediate pressure conditions and with 
hydrated amphibole as the residual mineralogical phase. 


Late Miocene-Pliocene Belt (12-4 Ma) 


The upper Miocene-Pliocene belt is located in the Central 
Andes, extending for about 400 km between 32*5 to 35°S 
latitude. The belt is located in the fore-arc of the northern 
end of the active South Volcanic Zone (SVZ) immediately 
to the south of the Chilean non-volcanic flat-slab segment 
(Fig. 7). The upper Miocene-Pliocene belt contains three 
of the largest porphyry copper-molybdenum deposits on 
Earth (El Teniente, Río Blanco-Los Bronces and Los 
Pelambres-Pachón, Figs. 1 and 7). A total of 183 Mt 
(resource + production) of fine copper has been estimated 
tn these deposits, of which El Teniente is the largest of all 
(94.3 Mt fine copper). As can be seen in Fig. 2, the Late 
Miocene-Pliocene belt contains the second largest amount 
of copper and molybdenum of all the Andean porphyry 
copper belts. The relatively high gold tonnage shown in 
Fig. 2 for this belt is explained by the high existing 
geological resource present in each of the deposits that 
define the belt (Table 1). Gold grades are uniformly 
low (<0.04 g/t). 


The belt is currently situated within a geotectonic 
framework dominated by a Late Oligocene to Pliocene 
volcano-plutonic arc located along the western slopes of 
the Cordillera Principal. Kay and Kurtz (1995) and Castelli 
and Iriarte (1998) subdivide the volcano-plutonic events 
in the arc into three stages. These stages are a) Coya- 
Machali, b) Farellones and c) El Teniente (10-3 Ma). The 
first two stages are dominated by strong contractional 
deformational events, regional uplift and eastward 
migration of the arc front (Kurtz et al, 1997). 


The Coya-Machali stage (a) is dominated by mafic to silicic 
volcanic flows with intercalations of volcaniclastic rocks 
and lacustrine sediments. These rocks were deposited 
within an approximately N-S extensional volcano-plutonic 
basin, bound by N-S trending normal faults. Chemically, 
these rocks are associated with magmas with medium to 
low K,O and 47-67% SiO,. REE patterns indicate a residual 
mineralogy with olivine, orthopyroxene and plagioclase, 
which suggests low-pressure conditions and an anhydrous 
environment (Kay and Kurtz, 1995). Crustal thickness is 
estimated by these workers to have been 30 to 35 km, with 
subduction angles of >25°. 
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in the El Teniente and Río Blanco-Los Bronces regions, 
from 20-16 Ma, the volcanic and volcaniclastic units in 
the El Teniente and Rio Blanco-Los Bronces regions were 
subject to a gradual process of contractional deformation 
which resulted in inversion of extensional faults, folding, 
uplift and crustal thickening. Erosion rates are inferred to 
have been relatively low, of the order of 550 m/Ma (Kurtz 
et al., 1997). Towards the end of the deformation event, 
plutonism was initiated with the intrusion of the La Obra 
pluton (19.6 Ma, Kay and Kurtz, 1995) and the initial phases 
of the Río Blanco-San Francisco plutonic complex 
(20-13 Ma, Rivera and Navarro, 1996). 


After the Middle Miocene deformation event, volcanism 
was renewed with the deposition of the Farellones stage. 
This resulted in the deposition of more than 2000 m of 
andesitic to rhyodacitic lavas and pyroclastic rocks from a 
series of stratovolcanos and calderas located along the 
active arc (Rivano ef al., 1990). In the El Teniente region, 
a transitional volcanic series was deposited that varies from 
an older tholetitic (bottom) to a younger calc-alkaline (top) 
series (Kay and Kurtz, 1995). Chemically, they have 
medium to high K,O and 50 to 75% Si0,. REE patterns 
indicate residual mineralogical changes from the lower part 
of the El Teniente Volcanic Complex (TVC) to the upper 
portion of the sequence. In the lower part, the dominant 
mineralogy consists of clinopyroxene, amphibole, 
plagioclase and titanite, whereas the upper portions have 
predominantly amphibole, with lesser amounts of 
clinopyroxene and plagioclase. La/Yb ratios vary from 4 
in the lower sections to 13.2 in the upper sections of the 
TVC, These data suggest changes from medium to high- 
pressure conditions under a hydrated regime. In the lower 
part, oxidised conditions dominate. The inferred crustal 
thickness varies between 35 to 40 km and the subduction 
angle is >25° (Kay and Kurtz, 1995). 


Coeval with volcanic episodes, plutonism also developed, 
with the intrusion of the late phases of the Rio Blanco-San 
Francisco pluton (13-7.4 Ma) and the El Teniente 
multiphase Plutonic Complex (TPC; 12-7 Ma). Chemically 
the TPC is very similar to the TVC. Rocks are of calc- 
alkaline affinity, are high K, have 59-70% SiO, and La/Yb 
ratios of 8-22. 


The initial "Sr/*Sr ratios and initial £,,, reported by Stern 
and Skewes (1995) for the magmas associated with Los 
Pelambres, Río Blanco-Los Bronces and El Teniente 
intrusions and hydrothermal breccias, indicate an upper 
mantle origin, with little crustal contamination for these 
rocks («296). Nevertheless, contamination increases with 
age. The older volcanic sequences that are associated with 
thinner crust (30-35 km), i.e. those that belong to the Coya- 
Machali stage, have lower initial Sr Sr ratios and higher 
initial £, In contrast, the Farellones stage shows relatively 
high initial “Sr/““Sr ratios and lower initial .یت‎ In this 
case magmas erupted through a thicker crust (~40 km). It 
must be noted that these increases were not uniform along 
the belt. They occurred first in the northern part ofthe belt 
(Río Blanco-Los Bronces), and then continued to the south 
(Stern and Skewes, 1995). Stage (c) began as a consequence 
of a substantial increase in convergence rate between the 
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Nazca and South American plates, together with a flattening 
of the angle of subduction (Kay et al., 1991). As a result, 
an important increase in the active contractional stress 
regime produces a new structural tectonic inversion with 
the reactivation of the old extensional faults. The basin 
morphology was also inverted and the rates of erosion 
increased substantially to figures in the order of ~3 km/Ma 
(Kurtz et al., 1997). Faults such as El Fierro and Pocuro 
represent the eastern and western limits respectively of the 
uplifted blocks (Castelli and Iriarte, 1998). Due to this 
dramatic uplift, crust was gradually thickened to ~50 km 
(Stern and Skewes, 1995). 


The final phase of magmatic activity was the Teniente stage 
(Stage 3). Concurrent with contractional deformation, 
multiphase syntectonic magmatism and porphyry copper- 
molybdenum emplacement occurred, controlled by NE and 
NNE to NNW structural systems. The intrusions associated 
with copper mineralisation vary in composition from quartz 
diorite to dacite porphyry. These rocks have high SiO, 
(>65%) and very high La/Yb ratios (20-60; Kay and Kurtz, 
1995, Stern and Skewes, 1995, Skewes, 1998). REE 
pattems with high La/Yb ratios are consistent with a residual 
mineralogy rich in garnet, which represents a high-pressure 
hydrous mineralogy. 


Based on their petrochemical and petrologic data, Kay and 
Kurtz (1995) showed how the evolution of the volcanic 
and plutonic rocks of the El Teniente region related to the 
evolution of the prevailing tectonic environment. Volcano- 
magmatic evolution follows a progression from low K, 
tholeiitic sequences during the Coya-Machali stage to high 
K, calc-alkaline trends during the Farellones and Teniente 
stages. Together with this evolution of volcanic rock 
compositions, there has been a shift from a residual 
mineralogy dominated by pyroxene to one dominated by 
amphibole. This trend has been documented by the REE 
patterns, especially the La/Yb ratios. The older andesitic 
lavas (Coya-Machali stage) have low La/Yb ratios (2-6), 
whereas the younger lavas (Farellones stage) tend to have 
higher values (4-22). Finally, the intrusive episodes are 
characterised by very large La/Yb ratios (20-62). This is 
interpreted to indicate low pressure, anhydrous 
mineralogical assemblages in the older volcanic sequences, 
and medium pressure, hydrous and oxidising to drier, higher 
pressure mineral assemblages in the younger sequences 
(Kay and Kurtz, 1995). 


Alteration and Mineralisation Styles 


Porphyry copper mineralisation and alteration are related 
to the most felsic phases within multiphase intrusive 
complexes. This is a common theme repeated throughout 
the Andean potphyry copper belts. Each of these felsic 
phases may be related to an individual porphyry copper 
deposit, resulting in the clustering of deposits that 
characterises parts of the Andean copper belt. The alteration 
and mineralisation processes that occurred in the individual 
porphyry systems evolved from early stages dominated by 
high-temperature, late magmatic oxidised fluids to late 
stages dominated by low or moderate-temperature more 
reduced hydrothermal fluids with magmatic and meteoric 
components. 


Formation of each deposit and their associated metallogenic 
belts were controlled by the Andean cordillera 
tectonomagmatic evolution. However, distinctions occur 
between belts in terms of alteration and mineralisation 
features, particularly when comparing the copper- 
molybdenum and copper-gold systems. In the porphyry 
copper-molybdenum and copper deposits, the following 
alteration stages are present: late magmatic (potassic and 
propylitic), transitional, main hydrothermal phyllic and late 
hydrothermal advanced argiilic. An intermediate argillic 
stage is also recognised locally. In the porphyry gold 
deposits, the dominant stages are late magmatic (potassic, 
chloritic), intermediate argillic, advanced argillic and in 
minor proportions, phyllic. 


All the alteration-mineralisation stages display gross 
vertical zonation from deep potassic alteration through 
phyllic of varied morphology to superimposed advanced 
argillic lithocaps. The overall resultant architecture is 
dependent on the structural setting of the system as well as 
the amount of telescoping that occurred. 


These different alteration-mineralisation stages are present 
from the Cretaceous to the Late Miocene-Pliocene belts. 
The best deposits preserved are those systems that belong 
to the Late Miocene-Pliocene belt which are the least eroded 
of all, whereas the Cretaceous belt, due to extensive erosion, 
show basically only the potassic stage and the roots of 
phyllic alteration. Even within a belt, the systems show 
different levels of erosion, and consequently different 
alteration-mineralisation exposures in response to the 
development of different structural blocks along the belt 
that have been affected by different degrees of uplift and 
erosion, 


Porphyry Copper-Molybdenum Systems 


Almost all of the copper and molybdenum in these deposits 
was introduced during the earliest stages of magmatic- 
hydrothermal activity, at low-sulphidation states (high 
Cu/S ratios) in association with K silicate alteration. This 
alteration assemblage consists of K feldspar, biotite and 
anhydrite, which have replaced plagioclase and mafic 
minerals. Additionally, these minerals are present in quartz 
veins of “A” and “EB” types (Gustafson and Quiroga, 1995; 
Gustafson and Hunt, 1975). Rutile and magnetite occur 
locally in minor proportions. In the deeper parts of some 
of these deposits, secondary albite, actinolite and magnetite 
have been recognised (Gustafson and Quiroga, 1995). 


About 70-80% of the copper mineralisation occurs as 
bornite and chalcopyrite. These two sulphides coexist with 
quartz in “A” veins, structures which are typically 
discontinuous, “wispy” and wormy with no alteration halos. 
Other veins are “EB” veins, which contain biotite with 
variable proportions of albite, K feldspar, chlorite, 
actinolite, anhydrite and green sericite. They locally have 
albite alteration halos. 


The potassic alteration assemblage grades outwards from 
the core of the deposits to a peripheral propylitic alteration 
zone. This lower temperature alteration zone consists of 
chlorite, epidote, calcite and pyrite. It is essentially barren, 


although chalcopyrite is present in minor quantities 
immediately adjacent to the potassic zone. 


A second major phase of magmatic-hydrothermal activity 
(the transitional stage) occurs after the porphyry intrusions 
have crystallised and temperature and pressure conditions 
have decreased, This stage marks the transition from early, 
high-temperature magmatic-hydrothermal activity, which 
is dominated by magmatic fluids, and the late hydrothermal 
stage, which is associated with low to moderate-temperature 
fluids that have magmatic and meteoric fluid components. 


“B” type planar, continuous quartz veins with narrow 
sericite halos and central sutures are typical of the 
transitional stage. The presence of sericite halos is 
interpreted to be an indication of retrograde effects produced 
by the incorporation of meteoric fluids into the system 
(Gustafson and Hunt, 1975; Skewes and Atkinson, 1985). 
The transitional stage produces the bulk of the molybdenum 
resource, together with some copper within the “B” veins. 
The transitional stage generally occurs in the upper parts 
of the intrusions and tends to be focussed on the central 
portion of the systems, forming a core within the orebodies. 
In some porphyry copper-molybdenum deposits, the 
transitional stage is represented by chlorite-bearing 
intermediate argillic alteration. Examples where 
intermediate argillic alteration is associated with 
molybdenite and a second phase of chalcopyrite deposition 
include La Escondida (Padilla et al, 2001), La Fortuna 
(Perelló et al, 1996) and Escondida Norte (Williams, 2003). 


The main hydrothermal stage, also known as the phyllic or 
quartz-sericite alteration stage, is developed under 
conditions of high sulphur fugacity, relatively low oxygen 
fugacity and low K*/H* ratios (i.e. acidic conditions). This 
stage is characterised by quartz, sericite and pyrite, with 
minor amounts of chalcopyrite, bornite, enargite, sphalerite 
and galena. Quartz occurs with pyrite as “D” type veins 
(terminology from Gustafson and Hunt, 1975), with 1-2 cm 
wide halos of sericite and rare chlorite. Locally “D” veins 
can contain anhydrite, tourmaline and minor carbonates. 
If the process of hydrothermal alteration is sufficiently 
pervasive, the rock can be transformed almost completely 
into quartz and sericite (e.g., Chuquicamata; Ossandón 
et al., 2001). 


One the most important characteristics of the phyllic 
alteration zone at many Andean porphyry deposits is that it 
is telescoped downwards into the potassic-altered core as 
a result of structural controls. As a consequence, the early 
K silicate alteration can be strongly overprinted by the 
phyllic phase, producing a typical telescoping effect due 
to the breaking of the brittle transition (Fournier, 1999). 
Chuquicamata, La Escondida and Rosario are examples 
where this has occurred (Ojeda, 1990; Lindsay et al., 1995; 
Masterman et al., 2004). 


The Andean porphyries include numerous deposits where 
hydrothermal breccias are associated with phyllic alteration 
(e.g., Rio Blanco-Los Bronces, El Teniente). This is another 
example of the interaction of magmatic fluids, exsolved 
from intrusions, with deeply circulating meteoric waters 
during the main stage of hydrothermal alteration (Sillitoe, 
1985). 
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During the main hydrothermal stage, some copper 
mineralisation has been added to at least a few of the 
deposits (e.g., E] Teniente, Chuquicamata) but generally at 
relatively low levels compared with the earlier stages. Part 
of this may be copper remobilised from earlier-formed 
veins. 


The last stage of hydrothermal activity is represented by 
low-temperature advanced argillic alteration assemblages 
with low- sulphidation states (high Cu/S ratios). These 
zones are located in the upper parts of the porphyry systems, 
forming what is known as the lithocap of the deposit 
(Sillitoe, 1995), and are only preserved in some systems. 


The lithocaps consist of quartz, alunite, kaolinite, dickite, 
sericite, pyrophyllite and diaspore. Other minerals present 
are zunyite, dumortierite and topaz. Sulphide minerals are 
typically pyrite and marcasite and sulphosalts include 
enargite, luzonite and tennantite-tetrahedrite. There are also 
minor amounts of covellite, bornite and hypogene 
chalcocite. All of these minerals occur as massive sulphide 
veins and they can enhance significantly the overall copper 
grades of the deposits. These assemblages can also be 
telescoped into the potassic core of the porphyry deposits 
by structural activity (eg., Chuquicamata, Mansa Mina, 
Rosario ). 


Porphyry Gold-(Copper) Systems 


The early stages of alteration in the gold-rich porphyry 
systems are similar in many ways to the copper- 
molybdenum porphyries. One significant difference is the 
high iron oxide content in porphyry gold systems (locally 
>10-vol%), suggestive of high fO /f S, conditions (Sillitoe 
and Gappe, 1984; Perelló and Cabello, 1989; Vila and 
Sillitoe, 1991). Generally the early stage alteration 
assemblages in the gold-(copper) systems are composed 
of magnetite, K feldspar and oligoclase. In some cases the 
assemblage is chlorite, magnetite and albite. “A” type 
quartz veins occur, but not with the abundance seen in the 
copper-molybdenum porphynes. 


The transitional alteration stage, as described for the 
porphyry copper-molybdenum systems, is not recognised 
in the Andean porphyry gold systems. However, a 
hydrothermal stage known as intermediate argillic alteration 
(or sericite-clay-chlorite: SCC, by the terminology of 
Sillitoe and Gappe, 1984), is recognised. This alteration 
assemblage consists mainly of chlorite, sericite, illite, 
smectite and minor calcite. Magnetite, pyrite, specularite 
and minor chalcopyrite are also present (Sillitoe, 1993; Vila 
and Sillitoe, 1991). Intermediate argillic stage alteration 
locally obliterates earlier K silicate alteration assemblages, 
and is in turn overprinted by the advanced arpillic lithocap 
(Muntean & Einaudi, 2001), which is of similar extent in 
the upper part of these system as in the porphyry copper- 
molybdenum deposits. Phyllic alteration is also present, 
but it is not widely developed. 


Breccias and Related Phenomena 


Together with the alteration and mineralisation processes, 
brecciation phenomena are distinct in many Andean 
porphyry deposits, especially in those that belong to the 
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Paleocene, Upper Eocene-Oligocene, and most notably the 
Pliocene belt. 


Magmatic-hydrothermal breccias are closely related to 
porphyry emplacement at El Abra, Quebrada Blanca, El 
Salvador, Gaby Sur, Los Pelambres, El Teniente and Rio 
Blanco-Los Bronces. They typically formed due to multiple 
brecciation events, which occurred from the late magmatic 
stage to the hydrothermal stages. At Los Pelambres 
(Atkinson et al., 1996), El Teniente (Skewes et al., 2002), 
and specially Río Blanco-Los Bronces (Vargas et al., 1999), 
the late magmatic alteration-mineralisation, transitional 
and main hydrothermal stages are represented by the 
magmatic and hydrothermal breccias that accumulate 
between 2% and 50% of the copper and molybdenum 
mineralisation. 


At Rio Blanco-Los Bronces the magmatic-hydrothermal 
breccias have been cemented at depth by biotite, anhydrite 
and K feldspar followed by tourmaline, magnetite, and 
specularite toward the surface. Mineralisation shows a 
zonation with chalcopyrite-bornite and molybdenite at 
depth, diminishing gradually toward the surface (Vargas, 
et al., 1999). The main hydrothermal stage represented by 
sericite dominates the upper portions of the breccia bodies. 
Similar situations are observed at El Teniente and Los 
Pelambres (Skewes et al., 2002; Atkinson et al., 1996). 


Phreatomagmatic breccias, generally barren, are present 
in the Pliocene porphyry belt at Rio Blanco-Los Bronces 
and El Teniente. These latter breccias are very large in 
terms of dimensions and structural expression when 
compared with the magmatic-hydrothermal breccias. At 
El Teniente, the Braden Breccia is a well-defined funnel- 
shaped breccia pipe (Howell and Molloy, 1960; Camus, 
1975). Its surface diameter is 1300 m (at 3000 m a.s.1.), 
which decreases to 650 m at 2000 m a.s.!.. Overall, the 
Braden Breccia has a vertical extent of about 1800 m. The 
origin of the Pliocene phreatomagmatic breccias has been 
linked to the very high rate of uplift and exhumation of the 
central Chile porphyry province (Skewes and Stern, 1995). 


Supergene Modification 


Very important supergene modifications such as oxidation, 
copper leaching and secondary copper enrichment affected 
the Ándean porphyry deposits. These processes, among 
others, explain why many of the orebodies are so rich and 
economically viable. The supergene processes have 
occurred in response to global climatic changes, beginning 
in the Oligocene with desertification of the Atacama region 
and a drop in the regional ground water table. The coupling 
of these globally driven climate changes with tectonic uplift, 
synorogenic erosion, exhumation and subsequent 
geomorphological landscape evolution has produced the 
ideal environment for development of supergene copper 
oxide and sulphide deposits (Alpers and Brimhall, 1988; 
Cuadra and Rojas, 2001). Supergene enrichment processes 
occurred in northern Chile from about 34 Ma to about 
14 Ma (Sillitoe and McKee, 1996). In central Chile, these 
processes started around 3 Ma and are still developing 
today. Consequently, the Pliocene porphyry belt only 
contains incipient supergene enrichment, in stark contrast 
to the Eocene-Oligocene belt. 
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Secondary leaching and oxidation result in downward 
percolation of copper enriched solutions during ore deposit 
weathering. Cycles of leaching and redeposition of copper 
result in the cumulative development of chalcocite 
enrichment blankets, Lateral migration of these copper- 
bearing solutions, controlled by local hydraulic gradients, 
result in the generation of major exotic copper deposits 
like Sagasca, Huinquintipa, Mina Sur, El Tesoro and 
Damiana (Sillitoe and McKee, 1996; Munchmeyer, 1996). 


Synthesis 


The tectonomagmatic evolution discussed in this paper and 
the characteristics of the alteration and mineralisation of 
the different porphyry systems allows us to identify a series 
of common geological events that are typical of the 
porphyry belts developed during the Gondwana and Andean 
cycles. These events occurred in all belts and a description 
of them follows. 


Porphyry systems in the Andes were developed within a 
contractional tectonic regime. This tectonism caused 
inversion of the Upper Triassic to Early Cretaceous 
extenstonal back-arc basins that had developed along the 
western margin of Gondwana. The basins were deformed 
and uplifted by reactivation of basin-bounding normal 
extensional faults. 


The porphyry belts are the expression of a tectonomagmatic 
evolution marked by the eastern migration of volcanism 
and plutonism. This migration correlates with the shift from 
high angle “Mariana” type subduction that lasted from the 
Jurassic to Lower Cretaceous, to a compressional gently 
dipping “Chilean” type subduction system that 
predominated thereafter. During the latter interval, there 
have been discrete and transient periods of increased 
convergence velocity and convergence angle. These 
periods coincide with the strongest deformation events, 
which in turn can be correlated with the temporal 
development of each magmatic belt, particularly those 
associated with the giant porphyry systems. These periods 
do not appear to have been uniform throughout the belts. 


The end result of the deformation events is a series of 
en echeion north-trending thrust, reverse and minor strike- 
slip fault systems, and north-trending folds. One of the 
most important fault trends recognised along the porphyry 
belt is the Domeyko Fault System that extends for more 
than 1000 km along the Domeyko cordillera in northern 
Chile (Fig. 6). This system has been active since the Late 
Eocene and coincides closely with the Eocene-Oligocene 
belt of porphyry systems. 


Regional uplift, shortening and crustal thickening occurred 
as a consequence of tectonic shortening along most of the 
cordillera in northern and central Chile. The very significant 
uplift resulted in syn-orogenic erosion that can be observed 
along the western slopes and plains of the Andean range 
that now lies at over 3000 to 4000 m elevation. The erosion 
rate diminished with time as the climate changed, beginning 
in the Oligocene, to produce, by middle Miocene, the hyper- 
arid conditions of the modern Atacama desert. In central 
Chile, the processes of uplift and exhumation are still 
occurring. 


Multiphase intrusions and associated porphyries, appear 
to be emplaced syn-tectonically along faults. No volcanism 
has been identified that is contemporaneous with 
mineralised porphyry intrusions. The existing volcanic 
centres and calderas are pre or post tectonic events, even 
though some were the controlling loci for the emplacement 
of particular porphyry systems. 


Petrographically, the granitotd and porphyry complexes, 
where exposed, have variable compositions that range from 
granodiorite to tonalite, monzonite and quartz monzonite. 
In almost all cases, these rocks show clear fractionation 
trends from intermediate composition pre-mineral phases 
to more felsic intra-mineral phases higher in SiO, and K,O 
contents. Petrochemically, these rocks are calc-alkaline, 
metaluminous, have high to moderate K, high Fe,O,/FeO 
ratios (indicating highly oxidised magmas) and all belong 
to the [-type, magnetite series. Their REE patterns show 
strong fractionation with high La/Yb ratios (>20-25), which 
is suggestive of the presence of high pressure, hydrated 
magmas with amphibole and/or garnet at the magma source, 
typical of contractional tectonic regimes and thick 
continental crust (>45 km). These trends are consistent 
with contractional deformation and progressive trapping 
of the magmas at greater depth due to uplift, shortening 
and crustal thickening. 
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ORIGIN OF GIANT MIOCENE AND PLIOCENE Cu-Mo DEPOSITS IN 


CENTRAL CHILE: ROLE OF RIDGE SUBDUCTION, DECREASED 
SUBDUCTION ANGLE, SUBDUCTION EROSION, CRUSTAL 


THICKENING, AND LONG-LIVED, BATHOLITH-SIZE, OPEN-SYSTEM 


MAGMA CHAMBERS 


Charles R. Stern and M. Alexandra Skewes 
Department of Geological Sciences, University of Colorado, Boulder, CO, U.S.A. 


Abstract - Three of the world's largest Cu-Mo deposits, Los Pelambres, Río Blanco-Los Bronces and El 
Teniente, formed in close temporal association with southward migration of the locus of subduction of the 
Juan Fernández Ridge and the resultant decrease in subduction angle below central Chile during the Miocene 
and Pliocene. All three contain large Cu-mineralised magmatic-hydrothermal biotite ttourmaline tanhydrite 
breccia pipes generated by exsolution of saline, high-temperature fluids from crystallising magmas. Sr, Nd, 
Pb, S, Os, O and H isotopic data indicate that the metals these breccias contain, and aqueous fluids responsible 
for their emplacement, were derived from the same magmas that produced igneous rocks associated with 
each deposit. Isotopic data are consistent with derivation of these magmas from subduction-modified subarc 
mantle, and suggest that formation of these deposits did not involve either dehydration or melting of continental 
crust, Each deposit formed by multiple mineralising events occurring over a 72 m.y. period during which 
there is no evidence for coeval volcanic activity, Assuming an average Andean magma with 100 ppm Cu, 
the original 100x105 tonnes of Cu in each deposit prior to erosion requires a parent body of magma with a 
batholith-size dimension of approximately 2600 km”, We suggest that the multiple Cu-mineralised breccia 
pipes in each deposit were generated by exsolution of magmatic fluids from the roofs of large, long-lived, 
open-system magma chambers, crystallising at depths of >4 km below the palaeosurface as indicated by 
geologic constraints. Input of mantle-derived mafic magmas into the base of these chambers provided heat 
for their progressive growth and persistence, as well as Cu, S, Fe, Ca and Cl-rich aqueous fluids which 
migrated to the tops of the chambers due to thermal gradients. As mafic magma supply from the mantle 
decreased, due to decreasing subduction angle caused by ridge subduction in the latest Miocene and Pliocene, 
the progressive growth stage of these magma chambers ended and they solidified. Crustal thickening, uplift 
and erosion speeded this crystallisation and de-fluidisation process, and caused telescoping of Cu-mineralised 
biotite followed by tourmaline breccias both as the roofs of these chambers became progressively closer to 
the surface and as multiple brecciation events caused confining pressures to change from lithostatic to 
hydrostatic conditions. Each deposit contains small, late, barren or weakly mineralised felsic porphyry 
intrusions with high "adakite-like" Sr/Y and La/Yb ratios. These felsic porphyries are both too small to 
have been the source of the enormous amount of Cu in these giant deposits, and they post-date the emplacement 
of the main mineralised breccias. Furthermore, they are not true adakites. Their isotopic compositions, 
which are similar to all the other igneous rocks associated with these deposits, indicate that they are not 
products of either slab-melting, nor melting of continental crust. Their unique chemical characteristics may 
result from crystal-liquid fractionation within, and extensive fluid transfer mto and out of the tops of the 
crystallising batholith-size magma chambers that generated the mineralised breccias in each deposit. 


Introduction 


Three of the largest and youngest Cu-Mo deposits in the 
world, Los Pelambres (Atkinson er al., 1996; Reich et al., 
2003), Rio Blanco-Los Bronces (Serrano et al., 1996; 
Vargas et al., 1999; Skewes et al., 2003) and El Teniente 
(Skewes et al., 2002, 2005), occur in the Andes of central 
Chile (Fig. 1). Not only are these deposits unusually large, 
El Tentente being the world’s largest Cu-Mo deposit 
(Fig. 2), they are also distinctive relative to smaller more 
typical Cu porphyry deposits in that a significant proportion 
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of their hypogene Cu is contained in multiple magmatic- 
hydrothermal breccia pipes (Skewes and Stern, 1994, 1995, 
1996). This paper concerns the unique tectonic and 
magmatic factors that led to the formation of these three 
giant deposits. 


These deposits occur just east of the locus of subduction of 
the Juan Fernández Ridge (Fig. 1). Their Miocene and 
Pliocene formation ages (Fig. 3) suggest that their origin is 
related to processes associated with subduction of this 
oceanic ridge (Stern, 1989; Skewes and Stern, 1994, 1995; 
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Figure 1: Location map of the three giant Late Miocene and 
Pliocene Cu deposits in the Andes of central Chile. Those 
deposits occur just cast of the locus of subduction of the Juan 
Fernandez Ridge. This also marks the boundary bctwcen the 
Andcan Flat-Slab segment, below which the subduction angle is 
very low, as indicated by the 100 end 150 km depths (dashed 
lincs) to the upper boundary of the subducted stab, and the 
Southern Volcanic Zone (SVZ) of active volcanoes (triangles), 
below which the subduction angle is steeper. Figure also shows 
the location of the Central Volcanic Zone (CVZ) and some of 
the Late Eocene and Early Oligocene Cu deposits tn northern 


Chile. 
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Figure 2: Current resources (equals original resources minus historic 
production as Cu versus ore in units of 10% tonnes) of the three giant 
deposits in central Chile compared to other Cu deposits in the Andes 
and smaller deposits in western North America. Modified after Clark, 
(1993) 


Stern and Skewes, 1995, 1997; Kay et al., 2004; Kay and 
Mpodozis, 2002), the locus of which has migrated from 
north-to-south during the late Cenozoic (Yáñez et al., 2001, 
2002). Various geotectonic processes attributed to 
subduction of the Juan Fernández Ridge include: 
1). progressive decrease in the angle of subduction of Nazca 
oceanic lithosphere (Yáñez ef al., 2001, 2002), eastward 
migration of the location of the Andean arc (Stern, 1989; 
Kay et al., 1999, 2004; Kay and Mpodozis, 2002) and 
possibly melting of subducted oceanic lithosphere as a result 
of its low angle of subduction (Gutscher et al., 2000; 
Mungall, 2002); ii). crustal deformation resulting in 
increased crustal thickness and possibly dehydration and/ 
or melting of thickened lower continental crust (Kay etal., 
1999, 2004; Kay and Mpodozis, 2002); and iii). increased 
subduction erosion of the continental margin and 
subduction of continental components into the subarc 
mantle source of Andean magmas (Stern, 1989, 1991, 2001; 
Stern and Skewes, 1995). Here we address which of these 
processes related to ridge subduction were most significant 
and how they worked together to generate the three giant 
Miocene and Pliocene Cu-Mo deposits in central Chile, 


small, late, barren or weakly mineralised felsic porphyry 
intrusions, with high “adakite-like” Sr/Y and La/Yb ratios, 
occur tn each of the three giant deposits of central Chile 
(Stern and Skewes, 1995; Serrano et al., 1996; Kay er al., 
1999, 2004; Rabbia et al., 2000, 2001; Skewes et al., 2002, 
2005; Kay and Mpodozis, 2002; Reich et al., 2003). Similar 
“adakite-like” felsic porphyries have also been described 
from Chuquicamata, another giant Cu deposit in northern 
Chile (Figs. 1 and 2; Oyarzún et al., 2001, 2002). It has 
been suggested both that these felsic porphyries were the 
“productive” plutons providing the Cu in these giant 
Andean deposits, and that their unique "adakite-like" 
chemistry, and by implication their unique ability to 
generate a giant Cu deposit, resulted from either deep- 
crustal melting due to crustal thickening (Kay et al., 1999, 
2004; Rabbia et al, 2002; Kay and Mpodozis, 2002) and/ 
or subducted-slab melting due to a decreasing angle of slab 
subduction occurring in conjunction with ridge subduction 
(Gutscher et al., 2000; Mungall, 2002; Reich et al., 2003). 


Here we discuss both the role of these felsic porphyries in 
formation of the giant Cu-Mo deposits in central Chile, 
and their origin. We make the points that these porphyry 
intrusions are both too small to have been the source of the 
enormous amount of Cu in these giant deposits, and also 
that they actually post-date the main stages of Cu- 
mineralisation (Fig. 3). They have merely truncated and 
redistributed Cu in these deposits, and created fractures 
that focused subsequent supergene enrichment (Skewes and 
Stern, 1995; Serrano et al., 1996; Skewes et al., 2002, 2003, 
2005). Furthermore, these “adakite-like” felsic porphyries 
are not true adakites. They, as well as all the other igneous 
rocks in each deposit, have Sr, Nd, Pb, S, O and H isotopic 
ratios consistent with derivation from melting of the subarc 
mantle contaminated by small proportions of subducted 
pelagic and terrigenous sediments, sea-water and crustal 
components transported into the mantle by subduction. 
Isotopic data do not support the suggestion that formation 
of these deposits involved either melting of subducted slab 
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Figure 3: Schematic summary, modified after Skewes and Stern 
(1995), of thc chronology of Los Pclambres (Atkinson et al., 
1996; Reich et al, 2003), Río Blanco-Los Bronces (Serrano 
et al., 1996) and El Teniente (Cuadra, 1986; Skewes el al.. 
2002, 2004) deposits as determined by K-Ar dating 
techniques. 


The figure demonstrates a southward decrease in ages of: 

1). alteration and mineralisation associated with breccia 
emplacement, 

ii). latc porphyries and post-mincralisation dykes and 
lavas, and 

iii). the last magmatic events associated with cach deposit 
prior to castward arc migration. 


Their ages reflect the closc temporal relation between the 
formation of these deposits and the southward migration of 
the locus of subduction of the Juan Fernández Ridge, More 
recent studics have refined the detailed chronological 
evolution of cach deposit (for example El Teniente; Fig. 10) 
and have substantiated this conclusion. 


or lithologically and isotopically heterogeneous roots of 
thickened continental crust. 


Since these three giant deposits clearly were generated in 
association with Andean magmatic activity, we review first 
the geochemical evidence that Miocene and Pliocene 
igneous rocks associated with these deposits formed by 
melting of subarc mantle contaminated by subducted 
components, with the degree of contamination increasing 
as subduction angle decreased due to ridge subduction, and 
second that S, O, Pb and Os, and by implication Cu and 
Mo, in each deposit were derived from these igneous rocks. 
Next we address both the role and genesis of “adakite-like” 
felsic porphyries in these three deposits. Finally we 
summarise evidence that these giant deposits consist of 
multiple Cu-mineralised breccias generated by exsolution 
of metal-rich magmatic fluids from the roofs of large, long- 
lived, open-system magma chambers crystallising at >4 km 
below the palaeosurface. We propose a model in which 
the input of mantle-derived mafic magmas into the base of 
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these chambers provided heat for their progressive growth 
and persistence, as well as Cu, S, Fe, Ca and Cl-rich water 
which migrated to the tops of these magma chambers due 
to thermal gradients. During the >2 m.y. period of their 
growth and crystallisation, a period marked by absence of 
coeval volcanic activity, aqueous fluids and volatile 
saturated magmas derived from their roofs formed the 
multiple mineralised breccia pipes found in these two giant 
deposits. As supply of mafic magma from the mantle 
decreased, due to decreastng subduction angle caused by 
ridge subduction in the latest Miocene and Pliocene, the 
progressive growth stage of these magma chambers ended 
and they crystallised and solidified. Crustal thickening, 
uplift and erosion increased the rate of this crystallisation 
and de-fluidisation process, and caused telescoping of Cu- 
mineralised breccias as the roofs of these chambers became 
progressively closer to the surface. 


We argue that the unique chemical characteristics of the 
small, late “adakite-like” felsic porphyries in each of the 
three giant Miocene and Pliocene Cu deposits in central 
Chile resulted from fractionation of igneous phases, and 
from extensive fluid transfer into and out of the tops of 
these crystallising batholith-size magma chambers, and that 
these deposits are not giant because of any unusually 
magma composition or magma generation process. The 
magmas involved in the generation of these giant deposits 
were typical Andean basalts and their more felsic 
differentiation products. Although these magmas may have 
been highly oxidised (Garrido et al., 2002; Funk et al., 
2004), there is no evidence that they were exceptionally 
enriched in Cu or S. However, compression prevented their 
extrusion, allowing development of long-lived, open- 
system magma chambers in which highly saline, SO, and 
metal-rich aqueous fluids were concentrated at the tops of 
the chambers due to thermal gradients. Magma extrusion, 
in contrast, allows volatiles such as H,O and SO, to exsolve 
directly into the atmosphere as magmas approach or erupt 
to the surface, and thus volcanic activity may decrease the 
potential for subsequent formation of a giant Cu deposit 
(Pasteris, 1996). 


Isotopic Constraints 


Miocene and Pliocene Igneous Rocks 


The giant Cu deposits of central Chile were emplaced within 
Late Oligocene to Miocene and Pliocene extrusive and 
intrusive rocks (Figure 3). Igneous rocks in these and other 
Andean Cu deposits have been generated by processes 
associated with subduction of oceanic lithosphere below 
the South American continental margin. The Miocene and 
Pliocene in central Chile was marked by a decreasing angle 
of subduction of the down-going Nazca plate, which 
eventually lead to eastward migration of the volcanic arc, 
and crustal thickening and uplift, both ultimately associated 
with subduction of the Juan Fernández Ridge (Stern, 1989; 
Kay et al, 1999, 2004; Skewes and Stern, 1994, 1995; 
Yáñez ef al., 2001, 2002; Kay and Mpodozis, 2002). These 
changes, as well as an increase ín the rate of subduction 
erosion along the continental margin (Stern, 1991; Stern 
and Skewes, 1995), worked together to cause temporal 
changes in various factors that affect Andean magma- 
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genesis. These changes are reflected in temporal variations 
in chemistry, in particular isotope and trace-element 
chemistry, of magmas erupted in central Chile during this 
time period. 


The most significant temporal geochemical changes 
observed in Miocene and Pliocene igneous rocks associated 
with each deposit are an increase through time in initial 
8757/865۲ ratios and a decrease in '43Nd/'44Nd ratios 
(Figs. 4 and 5; Nystrom et al., 1993, 2003; Stern and 
Skewes, 1995; Kay et al, 1999, 2004). Fig. 4 illustrates 
these temporal changes in the vicinity of the El Teniente 
deposit at latitude 34°S, where they have been documented 
in most detail (Skewes er al., 2002, 2005; Kay et al., 2004). 
Pig. 5 shows that these changes were not synchronous for 
all of the deposits, but migrated progressively from north- 
to-south (Stern and Skewes, 1995), as did the age of 
eastwards migration of the magmatic arc at each latitude 
(Fig. 3), in association with southward migration of the 
locus of ridge subduction (Stern, 1989). 


At the latitude of El Teniente, both Late Oligocene to Early 
Miocene Coya-Machali (or Abanico) Group volcanics and 
the Mid to Late Miocene Teniente (or Farellones) Volcanic 
and Plutonic Complexes are isotopically similar to magmas 
currently being erupted from active volcanoes in the 
southern part of the Andean Southern Volcanic Zone 
(SSVZ; Figs. 4 and 5; Nystrom et al 1993, 2003; Stern and 
Skewes, 1995; Kay et al., 1999, 2004). These older rocks, 
as well as magmas erupted from active volcanoes in the 
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Figure 4: 9'SrA*Sr versus ۱۵۱۷۵۸۹۹۸۷۵ ratios for igneous 
rocks from the vicinity of the El Teniente copper 
deposit in central Chile (Nystrom et al., 1993, 
2003; Stern and Skewes, 1995; Kay et al., 2004) 
compared to the ficld for samples from active volcanocs 
in the Andean SVZ (dashed line; Stem et al. 1984a, 
Hickey ef al, 1986, 1989; Futa and Stern, 1988; 
Hildreth ct al., 1988; Dungan et al, 2001). The figure 
illustrates the temporal evolution, between the Miocene 
to Pliocene, from lower ®’Sr/*Sr and higher !4Nd/ 
۱۹۹0 ratios, similar to southern SSVZ volcanocs, 
towards higher ۵۲/۵۲۵۲ and lower '3Nd/!*Nd 
similar to northern NSVZ volcanoes. These changes 
are independent of SiO, content and reflect increased 
mantic-source region contamination by subducted 
continental crust as both angle of subduction decreased 
and rate of tectonic erosion increased between the 
Miocene and Pliocene (Stern, 1989, 1991, 2001; Stern 
and Skewes, 1995, 1997; Kay ef al, 2004). 


SSVZ, have isotopic and trace-element characteristics 
indicating that they formed by melting of peridotite in the 
subarc mantle wedge modified, or contaminated, by 
addition of crustal components derived from subducted 
pelagic and terrigenous sediments, and continental crust 
tectonically eroded of the continental margin, and released 
into the overlying mantie wedge during dehydration of 
down-going oceanic lithosphere (Stern etal., 1984a, 1990; 
Hickey et al., 1986, 1989; Futa and Stern, 1988; Hildreth 
and Moorbath, 1988; Stern, 1991, 2001; Dungan et al., 
2001). These rocks do not have isotopic or trace-element 
characteristics consistent with assimilation of significant 
amounts of material during transit through the continental 
crust, which consists in part of lithologically and 
isotopically heterogeneous Palaeozoic metamorphic and 
Mesozoic sedimentary rocks. Late Oligocene to early 
Miocene Coya-Machali Group volcanics formed during a 
period of extension, when the continental crust was as thin 
as it currently is below the current Andean SSVZ (Nystrom 
etal., 1993, 2003; Charrier ef al., 2002; Kay and Mpodozis, 
2002; Kay etal., 2004). In contrast, Middle to Late Miocene 
Teniente Volcanic and Plutonic Complex rocks formed 
during a period of mild compression, crustal thickening 
and uplift (Kurtz et al., 1997; Godoy etal., 1999; Kay et al., 
1999, 2004), and have higher initial *"Sr/P*Sr and lower 
!3Nd/!^^Nd ratios than older Coya-Machali Group 
volcanics (Fig. 4). However, their chemical characteristics 
are nevertheless consistent with derivation ftom subarc 
mantle modified by slab-dehydration, followed by only very 
limited assimilation of continental material during their 
transit through the crust. 


Younger Pliocene stocks and dykes at El Teniente, including 
the Teniente Dacite Porphyry and post-mineralisation mafic 
dykes, and lavas in the valley of the Cachapoal river, have 
even higher initial 'Sr/*$Sr and lower !!Nd/!^^Nd ratios 
and resemble magmas erupted from active volcanoes in 
the northern part of the Andean SVZ (NSVZ; Figs. 4 and 
5; Stern and Skewes, 1995; Kay et al., 1999, 2004). They 
have incorporated greater amounts of continental crust, 
resulting from either increased intra-crustal assimilation 
due to the increased thickness of the crust in the latest 
Miocene and Pliocene, and/or an increase in the extent to 
which the subarc mantle magma source region was 
contaminated by subducted crustal components. Increased 
contamination of subarc mantle could have resulted from 
i). an increase in rate of subduction erosion associated with 
southerward migration of the locus of subduction of the 
Juan Fernández Ridge (Stern and Skewes, 1995; Yáñez 
et al, 2001, 2002; Kay and Mpodozis, 2002; Kay et al., 
2004), and ii). a combination of decreasing subduction 
angle and increased crustal thickness, which together 
decreases the volume of subarc mantle wedge relative to 
the amount of crustal component released by dehydration 
of the subducted slab (Stern et al., 1984a; Stern, 1989, 
1991). Stern and Skewes (1995) demonstrated that higher 
initial $7Sr/8Sr and lower '*5*Nd/!^*Nd ratios in these 
younger lavas are independent of SiO; content and are 
observed for even the most mafic olivine-bearing basalts 
and lamprophyres. Also, timing of these isotopic changes 
is not correlated with timing of crustal thickening, and no 
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isotopic change occurred between the Pliocene and Recent 
when the arc migrated 40 km eastwards to the continental 
divide above the thickest Andean crust (Fig. 5; Stern and 
Skewes, 1995), For all these reasons, we consider increased 
subduction erosion and source region contamination related 
to ridge subduction a better explanation for observed 
temporal changes tn Sr and Nd isotopic compositions than 
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Figure 5: The "Sr Sr ratios of igneous rocks (Stern and 
Skewes, 1995) and minerals from the matrices of 
magmatic-hydrothermal breccia pipes (Skewes and 
Stern, 1996), versus their age, for samples from the three 
giant deposits in central Chile at latitudes 32°S (Los 
Pclambres; circles), 33°S (Rio Blanco-Los Bronces; 
squares) and 34°S (El Teniente; triangles), compared to 
samples from active Andean volcanoes between 33-34°S 
(NSVZ) and between 36-42°S (SSVZ). 


The figure illustrates the diachronous southward change 

in time, at each latitude, of: 

i) increasing ®’Sr/* of igneous rocks, and 

ii) eastward migration of the magmatic arc. ۵ 
changes reflect southward migration of the locus of 
subduction of the Juan Fernandez Ridge. 


0.715P high Rb/Sr, low U/Pb 
continental crust 


0.711 
i 
E 
Jo 
0.707 
low Rb/Sr, low U/Pb 
0.703 continental crust 


17.4 17.8 


increased intra-crustal assimilation due to increased crustal 
thickness (Stern, 1991, 2001; Stern and Skewes, 1995), 


Although the isotopic composition of Sr and Nd in igneous 
rocks associated with giant deposits in central Chile 
changed with time between the Late Oligocene and 
Pliocene, their Pb (Fig. 6; Rabbia et al, 2001; Nystrom 
et al., 2003; Kay et al, 2004) isotopic compositions 
remained nearly constant, and equal to the isotopic 
composition of SSVZ basalts derived from the mantle plus 
small amounts of subducted components. This contrasting 
behaviour of Pb compared to Sr and Nd isotopic ratios is 
also observed in a comparison of SSVZ and NSVZ 
magmas. The Pb isotopic composition of Late Oligocene 
to Recent igneous rocks in the southern Andes, in both the 
SSVZ as well as the NSVZ, is controlled by the isotopic 
composition of Pb derived from the down-going slab, since 
the subarc mantle wedge has a very low Pb content, and 
the relatively large amount of Pb derived from subducted 
components overwhelms mantle Pb regardless of small 
variations in extent of source region contamination. In 
contrast, when crustal components are added to mantie- 
derived magmas by intra-crustal assimilation, Pb isotopes 
reflect much more strongly differences in extent of crustal 
assimilation, as in magmas erupted in the central Andes of 
northern Chile, where the crust is extremely thick (Fig. 6). 


Copper Mineralisation 


Isotopes of Os, Pb and S provide indirect information 
concerning the ultimate source of metals such as Cu and 
Mo in mineralised deposits, as do isotopic data for Sr, Nd, 
O and H in phases co-precipitated with metal-bearing 
sulphides from high-temperature aqueous fluids. Os and 
Pb isotopic data for sulphides from El Teniente suggest 
that these metal, and by implication Cu and Mo, are derived 
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Figure 6: 2*P5?™Pb versus VSr/*5Sr isotopic compositions of volcanic rocks in the Andean CVZ compared to SVZ 
(Zcntilli et al, 1988; Macfarlane, 1999). SVZ volcanic rocks have compositions consistent with derivation from Andean 
subarc mantle modified by addition of small amounts of subductcd components, without any subsequent intra-crustal 
assimilation. [n contrast, CVZ volcanics have more variable isotopic compositions reflecting intra-crustal assimilation 
during ascent through thick crust of variable geochemical character. Miocene and Pliocene igneous rocks from El Teniente 
have Pb and Sr isotopic values entirely within the range of SVZ volcanic rocks (Rabbia et al., 2001; Nystrom et af, 2003; 
Kay et al., 2004), indicating that these rocks were also derived from the subarc mantle. Sulphide minerals in Rio Blanco- 
Los Bronces and El Teniente also have Pb isotopic ratios similar to SVZ volcanic rocks (Zentilli et af, 1988; Puig., 1988), 
indicating that Pb in these orcs was derived from the associated igncous rocks which were themselves generated in the 
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from the same magmas that formed the igneous rocks in 
the deposit. This is indicated by the similarity of 
187Os/1880s ratios, which range from 0.171 to 0.223, 
measured in chalcopyrite, sphalerite and bornite 
precipitated during different alteration stages accompanying 
the formation of El Teniente (Fig. 7a; Freydier et al., 1997). 
If these metals had been derived from surrounding country 
rocks, greater variability in !!Os/!580s ratios would be 
expected (Freydier ef al., 1997). Pb isotope ratios, measured 
in galena, also exhibit little variability, and Pb isotopes are 
the same as Pb isotopic compositions of recent Andean 
volcanic rocks erupted in central Chile (Fig. 6; Puig, 1988; 
Zentilli et al., 1988; Macfarlane, 1999), implying that Pb 
in these galenas was also derived exclusively from magmas 
that formed the igneous rocks in this deposit. Furthermore, 
these Pb isotopic ratios, as well as Os isotopic ratios, which 
are more similar to mantle (0.13) than crustal (>>1.0) values 
(Fig. 7b; Mathur et al., 2000; Schaefer et al., 2000), indicate 
that these metals, and the magmas they were derived from, 
formed in sub-Andean mantle contaminated by subduction 
ofa small amount of pelagic and terrigenous sediment, and 
continental crust tectonically eroded off the continental 
margin, but not within the lithologically and isotopically 
heterogeneous crust. This is true not only for the giant 
deposits in central Chile, but for Chuquicamata in northem 
Chile as well (Mathur et al., 2000). 


Sulphide (chalcopyrite and pyrite) 8S in El Teniente and 
Río Blanco-Los Bronces range from --5.6 to +1.6 per mil, 
and average approximately —2.2 per mil (Kusakabe et al, 
1984, 1990; Holmgren et al., 1988). This small range is 
consistent with derivation of sulphur from igneous rocks 
associated with the deposit. A calculated total sulphur 
isotopic composition 8245 of +4.5%o for El Teniente and 
+7.5%o for Río Blanco-Los Bronces (Kusakabe er al, 1984, 
1990) is also similar to 64S values of non-mineralised 
Andean granitoids, which range from +3.3 to ۵۵ 
(Sasaki et a], 1984), and these are in turn similar to Japanese 
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Figure 7: 105/1805 versus ' Re/*50s ratios for A) different sulphide minerals formed at different stages of mineralisation at El 
Teniente (Freydier et al., 1997), and B) these values compared to oceanic basalts (MORB), subarc mantle modified by 
addition of subducted components (Schaefer et al., 2000) and continental crust. 


granitoids generated from mantle contaminated by 
subducted marine sulphur. Sr, Nd, O and H isotopic ratios 
in minerals that have co-precipitated from high-temperature 
aqueous fluids with Cu-sulphides, in both veins and 
matrices of Cu-mineralised breccias at Rio Blanco-Los 
Bronces and El Teniente, also imply derivation of these 
metal-bearing fluids from crystallising magmas (Figs. 5 
and 8; Kusakabe etal., 1984, 1990; Skewes and Stem, 1995; 
Skewes et al., 2001, 2002, 2003), and not by derivation of 
dehydration of amphibole in the lower crust as suggested 
by Kay et al., (1999). 


Summary 


In summary, all available isotopic data for igneous rocks, 
Cu and Mo sulphides, and minerals co-precipitated with 
these sulphides in the giant deposits of central Chile indicate 
derivation of igneous rocks in each deposit from the subarc 
mantle modified by addition of subducted components, and 
metals and sulphur, as well as aqueous fluids which 
transported and deposited them, from these magmas. There 
is no isotopic evidence to support any significant amounts 
of crustal assimilation in the generation of the igneous 
rocks, nor as the source of metals in these deposits. 


Felsic Porphyries 
Role in Copper Mineralisation 


Small, late, barren or weakly mineralised felsic porphyries 
occur in each of these giant deposits in central Chile. These 
include the late Miocene tonalite, quartz diorite (Porphyry 
A) and quartz monzodiorite (Porphyry B) at Los Pelambres 
(Atkinson et al., 1996; Reich et al., 2003), Pliocene Don 
Luis Porphyry and La Copa subvolcanic complex in Rio 
Blanco-Los Bronces (Vergara and Latorre, 1984; Blondel 
et al., 1988; Serrano el al., 1996) and the Teniente Dacite 
Porphyry and latite dykes in El Teniente (Camus, 1975, 
Cuadra, 1986; Skewes et al., 2002, 2005). These are among 
the youngest igneous rocks in each deposit, but even 
younger, more mafic post-mineralisation dykes and lavas 
also occur at El Teniente. 


A. demonstrates the uniformity of Os isotopic composition in orc minerals formed at different stages of development of El Teniente, suggesting 
derivation of Os from magmas and not from country rock which would be expected to have more diverse Os isotopic compositions. 
B. implies that Os in these source magmas was derived from Andean subarc mantle modified by addition of subducted components, and not 


from continental crust. 
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The small felsic porphyries intrusions in the giant deposits 
of central Chile have volumes ««10 km”. When compared 
with the volume of other igneous rocks in these deposits it 
is clear that these porphyries comprise only a very small 
volume percent (Figure 9), and that mafic and intermediate 
rocks are volumetrically more significant than these small 
felsic intrusions. Although it has been suggested that late 
felsic porphyries are the so-called “productive” plutons in 
these deposits (Howell and Molloy, 1960; Ossandón, 1974; 
Camus, 1975; Cuadra, 1986; Maksaev et al., 2002), it is 
clear that they are actually too small to have been the source 
of the enormous amount of Cu in these deposits. Assuming 
an average Andean andesite magma with 100 ppm Cu, and 
a mechanism for extraction of Cu that is somewhat less 
than 100% efficient, the original 100 million tonnes of Cu 
in each deposit prior to erosion (Skewes and Stem, 1995) 
requires a parent body of magma with a batholithic 
dimension of approximately >600 km’, This would be 
consistent with the 60 km? of magma, with 62 ppm Cu, 
calculated to have produced the 6 million tonnes of Cu in 
the Yerington deposit in Nevada (Cline and Bodnar, 1991). 
Since felsic magmas have lower Cu contents than mafic 
and intermediate magmas, this estimated volume would 


Figure 8: Plot of 9'*0 versus OD, in per-mil, 
for hydrothermal fluids from which the 
minerals in the matrices of brecctas at 
both El Tentente (stars) and Rio Blanco- 


Los Bronces (diamonds) precipitated 
(Skewes et al., 2001, 2002, 2003). The figure 
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be even greater if felsic porphyries were the source of Cu 
in these deposits, but they are not! 


Furthermore, field relations demonstrate that the porphyries 
either cross-cut pre-existing mineralisation or were 
mineralised by younger breccias after they were fully 
crystallised and solidified (Serrano et al., 1996; Skewes 
et al., 2002, 2005). Chronological studies also indicate that 
intrusion of these porphyries did not coincide with the main 
stages of mineralisation in these deposits. In Río Blanco- 
Los Bronces, K-Ar ages indicate that the late porphyries 
intruded between 5.2 and 3.9 Ma, while Cu-mineralised 
breccias were emplaced and biotite and sericitic alteration 
occurred between 7.3 and 5.1 Ma (Fig. 3; Serrano et al., 
1996). At El Teniente, intrusion of the Teniente Dacite 
Porphyry at 5.28 Ma, as determined by a U-Pb in zircon 
crystallisation age (Fig. 10), was associated with an 
important alteration event in the deposit at 5.3 Ma, as 
indicated by V9 APP Ar ages of micas (Maksaev et al., 2001). 
However, it was not associated with any significant 
mineralisation event, as demonstrated by the fact that not a 
single one among 720 Re-Os ages for molybdenite in 
association with chalcopyrite mineralisation in the deposit 
correspond, within +300 000 years, to the intrusion age of 
this porphyry (Fig. 10; Maksaev et al., 2002; Munizaga 
et al., 2002). Also, where this dacite porphyry outcrops 
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Figure9: A. La/Vb ratios, versus age, for samples of volcanic 
rocks (shaded fields) from in the arca of El Teniente, 
including Coya-Machalí (Abanico) volcanic rocks 
(Charricr et al., 2002), the rocks of the ۵ 
(Farclloncs) Volcanic Complex (Kay and Mpodozis, 
2002), and also lavas from the Cachapoal River valley 
(Stern and Skewes, 1995). Plutonic igncous rocks from 
the minc, including the mafic laccolith that hosts most 
of thc mincralisation at El Teniente, the Sewell Tonalite, 
Tenicnte Dacite Porphyry and post-mineralisation 
andesite dykes, are indicated in black (Stern and 
Skewes, 1995; Skewes et al., 2002). 

B. Relative volume percent, based on relative arca of 
outcrop in the region of the deposit, versus age of the 
different igneous rocks in the vicinity of and within 
the minc (Skewes et al., 2004). 
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north of the Teniente river, outside of the deposit, the 
extrusive rocks it intrudes are altered, but not mineralised 
(Floody and Huete, 1998; Skewes et aL, 2002, 2005). 
Detailed Re-Os dating at El Teniente indicates that only 
some episodes of Mo-mineralisation in the deposit occurred 
in association with intrusion of porphyries, and intrusion 
of the largest porphyry in the deposit, the Teniente Dacite 
Porphyry, produced alteration but not Cu-mineralisation. 


Origin of "Adakite-like" Chemistry 


Late felsic porphyries, which occur as stocks, plugs, dykes 
and diatremes, have variable chemistry and mineralogy. 
They are described as tonalites, quartz diorites, quartz 
monzonites, dacites, latites, trondhjemites, adakites, 
rhyodacites and rhyolites. Published SiO, values range 
from 63 to 72 wt %, while their MgO contents are always 
<3 wt %, and usually «1.5 wt %. Compared to older more 
mafic rocks in these deposits, they have relatively high Sr 
(350 to 2900 ppm) and low Y (1.5 to 6.5 ppm) 
concentrations and therefore high Sr/Yb >>20, to as high 
as 7100, and also high La/Yb ratios, typically >20 and in 
many cases >50 (Fig. 9). However, younger post- 
mineralisation intermediate and mafic dykes and lavas at 
El Teniente, the only deposit for which geochemical data 
on such post-mineralisation igneous rocks are available, 
indicate that these have lower La/Yb, more similar to older 
mafic and intermediate rocks associated with this deposit 
(Fig. 9). Small temporal changes between the Late 
Miocene and Pliocene in La/Yb of mafic and intermediate 
rocks in this deposit 1s consistent with a small decrease in 
the degree of mantle melting as the volume of subarc mantie 
wedge decreased with time due to decreasing subduction 
angle (Stern, 1989; Skewes and Stern, 1995). 


With respect to their trace-element compositions, late felsic 
porphyries in each of the three giant deposits of central 
Chile have been described as "adakite-like". Adakites are 
a group of andesitic igneous rocks, first described by 
R. Kay (1978) from Adakite Island in the Aleutian chain 
and later from Cook Island (Futa and Stern, 1983; Stern 
and Kilian, 1996) and Cerro Pampa (Kay et al., 1993) in 
the southern Andes, which have some unique trace-element 
characteristics, such as high Sr/Y and La/Yb, when 
compared to more typical andesites. It has been suggested 
that adakites form by partial melting of either subducted 
oceanic crust (R, Kay, 1978; Defant and Drummand, 1990), 
or the deep or delaminated roots of thickened continental 
crust (Atherton and Petford, 1993; Kay et al., 1999, 2004; 
Kay and Mpodozis, 2002), at pressures that are high enough 
to stabilise garnet rather than plagioclase as a residual 
aluminous phase, since Y and Yb are compatible trace- 
elements in garnet, and Sr and La are not. 


Even though it is clear, as discussed above, that these 
“adakite-like” felsic porphyries are not directly related to 
the enormous amount of Cu-mineralisation in these giant 
deposits, their presence is of interest because they may 
imply unique tectonic conditions, such as slab-melting due 
to decreasing subduction angle (Gutscher et al., 2000; 
Mungall, 2002) or melting of the deep roots of thickened 
continental crust (Kay ef al., 1999, 2004; Kay and 
Mpodozis, 2002), during generation of these deposits. 


However, these “adakite-like” felsic porphyries are not true 
adakites. They have lower MgO than true adakites, which 
are actually high-Mg andesites, and most of these 
porphyries are dacites, rhyodacites and dacites, not 
andesites. Furthermore, they are certainly not derived by 
melting of subducted oceanic crust, since these felsic 
porphyries have initial *7Sr/%Sr ratios ranging from 0.7043 
to 0.7047, and '3Nd/'*Nd ratios ranging from £7 +1.7 
to -0.3, within the range of isotopic compositions of all the 
other igneous rocks related to these deposits (Fig. 4), but 
significantly different from oceanic basalts. Richards 
(2002) and Rabbia ef al. (2002) have presented similar 
arguments against the "adakite-like" porphyries found in 
the Late Eocene to Early Oligocene belt of large copper 
deposits in northern Chile, for example Chuquicamata, 
being derived by melting of subducted ocean crust. For 
the case of central Chile, the model of Gutscher et af. (2000) 
for slab-melting and adakite formation as a result of 
decreasing subduction angle predicts that a narrow calc- 
alkaline arc would evolve into a broad adakitic arc. 
However, the Andean arc south of 33?S has remained both 
narrow and calc-alkaline despite migrating over 40 km to 
the east as a result of decreasing subduction angle between 
the Pliocene and Present (Stern, 1989). 


Isotopic data alone do not rule out partial melting or 
assimilation of mantle-derived mafic rocks in the roots of 
thickened continental crust in formation of the “adakite- 
like" felsic porphyries occurring in the two giant deposits 
of central Chile, but these rocks could not have formed as 
a result of partial melting or assimilation of lithologically 
and isotopically heterogeneous lower crust. In northem 
Chile, where the crust is significantly thicker (250 km), 
isotopic signatures for crustal melting and/or assimilation 
are clear, as shown for Sr and Pb in Fig. 6. However, 
these crustal isotopic signatures are absent in the “adakite- 
like" felsic porphyries in the giant Cu deposits 1n central 
Chile. 


Moreover, it is unsubstantiated that crust below El Teniente, 
which is located well west of the continental divide, reached 
athickness of 235 km by 5.28 Ma when the Teniente Dacite 
Porphyry intruded. Furthermore, the presence in this 
deposit of syn- and post-mineralisation mafic and 
intermediate igneous rock (Fig. 10), with La/Yb similar to 
older mafic and intermediate rocks (Fig. 9), implies that 
such rocks continued to be generated in the subarc mantle 
and rise into the crust before, during and after formation of 
the “adakite-like” felsic porphyries. The similarity of 
isotopic composition of these mafic and intermediate rocks 
with the felsic porphyries (Fig. 4) suggest they all had a 
common source — subarc mantle contaminated by subducted 
crustal components — and that neither melting of 
lithologically and isotopically heterogeneous lower crustal, 
nor significant intra-crustal assimilation, was involved in 
genesis of the “adakite-like” porphyries. 


Isotopic data for the felsic porphyries in the giant Cu 
deposits of central Chile are consistent with formation of 
these porphyries by igneous fractionation processes, 
without significant intra-crustal assimilation, from more 
mafic magmas derived from subarc mantle modified by 
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the addition of subducted crustal components. Late-stage 
igneous fractionation processes that could combine to 
produce the very small volume of late felsic porphyries 
from isotopically similar mafic and intermediate magmas 
crystallising in crustal magma chambers include: 
1) extensive-crystal liquid fractionation of amphibole 
(López-Escobar, 1982; Richards ef al, 2001; Richards, 
2002) and other minor igneous phases; 11) diffusive and/or 
vapour-phase transport creating chemical gradients within 
these magma chambers as a result of thermal gradients and 
roofward migration of volatiles (Hildreth, 1979, 1981; 
Cloos, 2001); and iii) extensive loss from the roofs of these 
chambers of the large volumes of aqueous fluids and 
dissolved solids which produced the biotite + anhydrite + 
tourmaline + Cu-sulphide + Fe-oxide hydrothermal breccia 
matrix and vein-fill minerals in the overlying deposits 
(Cloos, 2001). Hildreth (1979, 1981) has shown that 
diffusive and vapour-phase transport enriches magma near 
the roof of a magma chamber in Y and Yb, and depletes 
them in Sr and La. Repeated loss of magma from the roof 
of the magma chamber, due to either exsolution of high- 
salinity aqueous fluids that formed the large Cu-mineralised 
breccia pipes in each deposit, and/or direct tapping of 
volatile-saturated, anhydrite-bearing magmas that formed 
igneous breccias (Funk et al., 2004), could generate late- 
stage felsic porphyries depleted in Y and Yb (and Cu) 
relative to Sr and La. 


Igneous rocks 


Cu-Mineralised Breccia Pipes 


Multiple large Cu-mineralised breccía pipes are prominent 
features in both of the giant Late Miocene and Pliocene 
deposits in central Chile (Warnaars et al., 1985; Skewes 
and Stem, 1994, 1995, 1996; Serrano et al., 1996; Vargas 
et al., 1999; Skewes er al., 2002, 2003, 2005). The Cu- 
mineralised breccia pipes in these deposits include different 
types, within which either biotite, anhydrite and/or 
tourmaline may dominate as the matrix phase. Fluid 
inclusion studies, and both stable (O and H; Fig. 8) and 
radiogenic isotopic data (Fig. 5), indicate that these breccia 
pipes formed by expansion of magmatic fluids exsolved 
from crystallising magmas, and that minerals in the matrices 
of these breccias were precipitated from these same 
magmatic fluids as they cooled (Skewes and Stern, 1996; 
Skewes et al, 2001, 2003). Igneous or “magmatic” 
breccias, formed from volatile-saturated silicate melts, some 
with anhydrite as a primary igneous mineral (Funk el al., 
2004), also occur in these deposits. Individual breccia pipes, 
or complexes of superimposed breccias, have vertical 
extensions of over 2 km, and in many cases the depths to 
which their roots penetrate are unknown. Mineralised 
breccias contain high Cu grades, large amounts of Cu, and 
a large proportion of the hypogene Cu in these deposits 
(Skewes and Stern, 1994, 1995; Serrano et al., 1996; 
Skewes et al., 2002, 2003, 2005). 


Breccias, alteration 
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Figure 10: Age versus silica content for volcanic (shaded fields) and plutonic (black) igneous rocks, 
from both in the vicinity of and within the El Teniente mine, illustrating the repetitive 
episodes of formation of mafic igneous rocks associated with the deposit. Also showa arc the 
age of the Braden Pipe and occurrences of both alteration assemblages 
(LM = Late Magmatic; PH = Principle Hydrothermal; LH = Late Hydrothermal) and copper and 
molybdenum sulphides (modified from Skewes ef al., 2004), Ages of igncous rocks determined by a 
combination of K-Ar (Charrier and Munizaga, 1979; Cuadra, 1986), U-Pb in zircons (Maksaev el al., 
2001, 2002), and a fission track in apatite date for a sample of the mafic laccolith outside the mine 
(K. Thiele, unpublished data). Age of the Braden Pipe determined by K-Ar (Cuadra, 1986) for a scticitised 
clast, and “Ar/°Ar (Maksaev ef al., 2002) in scricite from a clast within the pipe. Estimated time 
periods for alteration asscmblages include both cross-cutting relations as well as both K-Ar and 
“As Ar ages for secondary biotitcs (6.0 to 4.7 Ma; Cuadra, 1986; Maksaev el al, 2001) and sericitc 
(6.4 to 4.4 Ma; Maksacv ef al., 2001). Episodes of molybdenite mincralisation (pluses) reflect multiple 
(720) Re-Os ages in molybdenite (Maksaev et al., 2002; Munizaga ef al, 2002), but asc only for 
molybdenite in felsic rocks and therefore do not date the entire period of Cu mincralisation within the 
mafic rocks which host 80% of the Cu ore in the deposit. None of these mineralisation episodes correspond 
to the 5.28 Ma age of the Teniente Dacite Porphyry. 
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The size, time period of emplacement, and mineralogy of 
different Cu-mineralised breccia pipes in the giant deposits 
of central Chile constrain processes of crystallisation and 
devolatilisation of the underlying magma chambers from 
which the magmatic fluids that formed these breccias were 
derived. The fact that their roots have yet to be encountered 
implies that they formed by exsolution of magmatic fluids 
from magma chambers that crystallised to form plutons 
still not exposed at the surface. Geologic field data suggest 
that these magma chambers were cooling and crystallising 
at least >4 km below the palaeosurface. This is indicated 
at El Teniente, for example, by the fact that the largest 
breccias are rooted >2 km under the current surface, below 
the deepest exploration drill holes that reach 800 meters 
lower than the lowest level of mine operations (Skewes 
et al., 2002, 2005), and because, based on Pliocene to 
Recent erosion rates of 200 to 300 metres per million year 
(Skewes and Holmgren, 1993; Kurtz ef al., 1997), >| km 
of erosion has likely occurred since the last episodes of 
breccia emplacement and mineralisation at 4.4 Ma (Fig. 10). 


Emplacement of intrusive igneous rocks, magmatic- 
hydrothermal breccias and associated mineralisation at each 
deposit spanned a time period of >2 million years 
(Fig. 3). At El Teniente, for example, after emplacement 
at 8.9 Ma of the mafic laccolith which hosts all younger 
intrusions, breccias and mineralisation in the deposit, early 
Cu-mineralised biotite breccias were emplaced, followed 
by intrusion of the equigranular Sewell tonalite at 7.1 Ma 
(Fig. 10; Skewes ef al., 2002, 2005). Other porphyries and 
mineralised breccia complexes intruded both the mafic 
laccolith and Sewell tonalite between 6.5 to 6.0 Ma. The 
Teniente Dacite Porphyry formed at 5.28 Ma, followed by 
latite dykes and the Braden breccia pipe at 4.8 to 4.5 Ma. 
Re-Os age dates place a final mineralising event at 4.4 Ma. 
This implies a total time period for brecciation and 
associated mineralisation of >2.7 million years, with all 
breccias formed during this time period being generated 
from a magma chamber located at depths below the current 
deepest level of exposure, mining or explorations drill holes, 
and thus >4 km below the palaeosurface. 


During the multistage development of the giant Cu deposits 
in central Chile, exsolution of magmatic-hydrothermal 
fluids from magma chambers created first early Cu- and S- 
poor actinolite + magnetite breccias, followed by biotite, 
igneous and anhydrite breccia complexes and associated 
pervasive biotite veining and alteration and Cu- 
mineralisation. Subsequently, tourmaline, anhydrite and 
rock-flour breccias, both mineralised and barren, were 
emplaced in association with sericitic veining and alteration 
as well as addition and redistribution of copper 
mineralisation. Breccia emplacement occurred in 
conjunction with intrusion of a sequence of igneous rocks 
that were initially equigranular and later porphyritic. This 
sequential evolution and telescoping of both plutonic rocks 
and breccias reflects the fact that these deposits formed 
during dynamic conditions of crustal uplift and erosion 
(Skewes and Holmgren, 1993; Stern and Skewes, 1994, 
1995). 


Significantly, no extrusive rocks formed in the area of the 
El Teniente deposit between 7.5 and 2.1 Ma, during the 


time period when Cu-mineralised breccias were being 
emplaced in this deposit. At Río Blanco-Los Bronces also, 
the La Copa subvolcanic complex, dated between 4.9 and 
3.9 Ma, may reflect renewed volcanic activity above this 
deposit, but no extrusive rocks formed above this deposit 
during the main stages of breccia emplacement and 
mineralisation, which occurred between 7.3 and 5.1 Ma 
(Serrano et al., 1996). It is clear that formation of these 
deposits involved a compressive tectonic regime that 
prevented coeval volcanism, and that they did not form 
below active volcanoes. The telescoping of different 
igneous rocks and breccias in these deposits were caused 
by crustal deformation, uplift and erosion over an extended 
>2 m.y. period of time (Skewes and Holmgren, 1993), not 
erosion and collapse of an overlying volcanic edifice 
(Sillitoe, 1994), 


Oyarzún ef al, (2001) and Garrido et al, (2002) have 
pointed out that a compressive tectonic regime is important 
for formation of the giant deposits in both northern and 
central Chile, as this prevents volatile loss, particularly loss 
of SO,, from the magmatic system. However, it is also 
clear that the magma chambers that exsolved high-salinity 
aqueous fluids that formed Cu-mineralised breccias in the 
deposits in central Chile were by no means closed systems. 
These chambers did in fact lose large amounts of material 
through the process of devolatilisation and breccia 
formation, but not through magma extrusion. Magma 
extrusion allows volatiles such as SO, to exsolve directly 
into the atmosphere as magmas approach or erupt to the 
surface, and thus volcanic activity may decrease the 
potential for subsequent formation of a giant Cu deposit 
(Pasteris, 1996; Oyarzún et al., 2001). 


Discussion and Conclusions 


The giant Miocene and Pliocene Cu deposits of Los 
Pelambres, Río Blanco-Los Bronces and El Teniente of 
central Chile are clearly not typical “porphyry” deposits in 
a number of ways, including their giant size, which is an 
order of magnitude larger than such deposits (Fig. 2; Clark, 
1993), and the large amount of hypogene Cu ore occurring 
in and around multiple magmatic-hydrothermal breccia 
pipes in each deposit (Skewes and Stern, 1995; Serrano 
et al, 1996; Skewes et al., 2002, 2003, 2005). These 
deposits are giants because they were formed by multiple 
events associated with emplacement of large mineralised 
breccias over an extended period of time (Skewes and Stem, 
1995). They are not simply larger versions of smaller, more 
typical Cu-porphyry deposits, which is why we prefer to 
refer to them as “breccia” or “megabreccia deposits” 
(Skewes et al., 2002, 2003, 2005). 


Other notable differences with typical “porphyry” deposits 
include the lack of isotopic evidence for participation of 
significant quantities of meteoric water in the generation 
of alteration phases in these deposits (Fig. 8; Skewes et al., 
2002, 2003). Instead, stockwork vein minerals at all stages 
of alteration have isotopic signatures indicating 
precipitation from magmatic fluids. Specific types of 
stockwork vein and disseminated alteration (biotitic, 
sericitic, etc.) are spatially associated with specific types 
of magmatic-hydrothermal breccias and do not occur in a 
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concentrically zoned system resulting from hydrothermal 
circulation of meteoric water driven by cooling of a central 
igneous stock (Hedenquist and Lowenstern, 1994). The 
multiple breccia pipes formed by exsolution of magmatic 
fluids from magma chambers crystallising at 24 km below 
the palaeo-surface. These breccias did not form in 
subvolcanic systems as has been suggested for smaller, 
mote typical porphyry deposits (Sillitoe, 1994), which may 
be one reason why meteoric water played a less significant 
role in their genesis. The lack of coeval volcanic activity 
during formation of these deposits maintained SO, and 
other volatiles in the crystallising magma chambers, but 
these chambers were not closed systems, since exsolution 
of volatiles produced the multiple large mineralised breccia 
pipes which contain the bulk of the Cu in each deposit. 


These are among the major first-order features of the giant 
deposits in central Chile which must be addressed in a 
model for their origin and in order to evaluate what role 
subduction of the Juan Fernández Ridge played in their 
generation. Another feature that must also be accounted 
for are temporal changes in isotopic and trace-element 
Characteristics of the igneous rocks during the time period 
when these deposits formed (Figs. 4 and 9). 


Genesis of these Giant Cu-breccia Deposits 


We propose that the giant Miocene and Pliocene Cu deposits 
in central Chile formed above large, long-lived, open- 
system magma chambers (Fig. 11), fed from below by 
mantle-derived mafic magmas, that persisted for the 
>2 m.y. time period of the multiple episodes of breccia 
emplacement and mineralisation that formed these deposits. 
Both the very small volume of late felsic porphyries in each 
deposit, <<10 km’, and the fact that most Cu-mineralisation 
occurs in multiple breccias that were emplaced prior to these 
felsic porphyries, precludes these late, weakly mineralised 
felsic bodies from being the “productive” plutons in the 
deposits. In fact, mafic and intermediate igneous rocks are 
volumetrically more significant than felsic rocks in these 
deposits (Fig. 9). At El Tentente for example, Late Miocene 
(8.9 Ma) mafic igneous intrusive rocks host the deposit, 
and after an episode of intrusion of felsic plutons between 
7.1 and 4.8 Ma, mafic and intermediate dykes and lavas 
were again emplaced in and surrounding the deposit 
(Fig. 10). This is consistent with the dominantly mafic 
nature of Andean magmatic activity, which is generated by 
melting in the mantle wedge above a subducting, 
dehydrating slab (Hickey et al., 1986, 1989; Futa and Stern, 
1988; Hildreth and Moorbath, 1988; Stern et al, 1990; 
Stern, 1991; Dungan et al., 2001; Kay et al., 2004). Even 
during the period when felsic plutons intruded the mafic 
intrusive rocks that host the deposit at El Teniente, volatile- 
rich mafic magmas continued to be generated in the subarc 
mantle and rise into the crust, as indicated by intrusion of 
mafic Porphyry A between 6.6 and 6.0 Ma (Figs. 10 
and 11; Skewes et al, 2002, 2005). Other mafic magmas 
may have mixed with or underplated magmas in deeper 
parts of the evolving magma chamber below the deposit, 
rather than reaching the surface. This process of open- 
system behaviour has been well demonstrated for magma 
chambers below many active and ancient volcanoes (Sparks 
et al, 1977; Hildreth, 1981; Pallister et al., 1996). 


In general, mafic magmas contain more Cu than felsic 
magmas, as well as much more S, Fe and Ca, all of which 
occur in anomalous concentrations in the giant Cu deposits 
of central Chile. Mafic magmas emplaced into the base of 
an evolving, open-system magma chamber provide heat to 
allow this chamber to grow and intrude to higher levels in 
the crust, and they also supply water and S (Hattori, 1996; 
Pallister et al., 1996, Kress, 1997; Candela, 1997; Hattori 
and Keith, 2001), as well as Cu, Fe, Os, Pb and other 
elements derived from the subarc mantle, to felsic magmas 
forming near the top of the chamber that otherwise might 
be poor in S (Nagashima and Katsura, 1973) and 
chalcophile elements. Evidence for open-system behaviour 
involving mixing of mafic and felsic magmas during 
evolution of Andean copper deposits has been presented 
by Cornejo et al., (1997) and Rowland and Wilkinson 
(1998). 


As volatile-rich mafic mantle-derived magmas replenished 
the base of these open-system magma chambers, exsolution 
of metal-rich aqueous brines and vapour from the 
crystallising upper part of the chambers produced 
brecciation, veining, alteration and mineralisation of 
overlying roof rocks (Burnham, 1985; Cloos, 2001). During 
the sequential, multi-stage development of the giant 
deposits in central Chile, exsolution of magmatic fluids 
created first early magnetite tactinolite breccias and 
alteration, followed by biotite, igneous and anhydrite 
breccia complexes and associated pervasive biotite veining 
and alteration and Cu-mineralisation. Subsequently, 
tourmaline and anhydrite breccias, both mineralised and 
barren, formed tn association with sericitic alteration. 
Isotopic data indicate that this change tn the nature of 
alteration effects, from early and/or deep biotite alteration, 
to later and/or shallower sericitic alteration, apparently did 
not involve input of significant amounts of meteoric water 
into the deposit (Fig. 5; Kusakabe er al., 1984, 1990; Skewes 
et al., 2001, 2003). Although influx of meteoric water has 
been invoked to explain sericitic alteration in many 
porphyry deposits (Hedenquist and Lowenstern, 1994), it 
was not the fundamental cause of this type of alteration in 
these giant breccia deposits, which formed above magma 
chambers located at >4 km depth rather than in a 
subvolcanic environment. 


The temporal change from biotitic to sericitic alteration in 
these two deposits is associated with the appearance of 
tourmaline rather than biotite breccias (Skewes et al., 2002, 
2003, 2005). This shift may have been caused by changes 
in the depth and nature of the fluids exsolved from the 
underlying magma chambers during the >2 m.y. period, 
marked by crustal deformation, uplift and erosion, when 
breccias formed above these chambers. Early biotite 
breccias and biotite alteration formed from fluids exsolved 
from deeper, possibly more mafic magma chambers, during 
early stages of development of these systems, when saline 
brines exsolved from magmas under lithostatic conditions, 
at sufficiently high pressures to prevent either extensive 
boiling or simultaneous exsolution of an immiscible vapour 
phase (Cline and Bodnar, 1994). Later tourmaline breccias 
and sericitic alteration resulted from fluids derived from 
possibly more felsic magmas formed within the same 


76 South America 


chambers at a later stage of their development, when they 
had intruded to shallower levels in the crust. As high 
pressure lithostatic conditions gave way to later lower 
pressure hydrostatic conditions, due to a combination of 
uplift and erosion (Skewes and Holmgren, 1993), and also 
progressive fracturing in the later stages of development 
of the deposit, simultaneous exsolution of brine and 
immiscible vapour phase may have occurred from the same 
magma chambers that previously had exsolved only brines, 
This would increase the amount of vapour formed, and the 
extent of mixing between saline brines and condensed 
vapours, thereby increasing the potential for sericitic 
alteration (Skewes ef al., 2003). 


Input of manile-derived mafic magma into the base of the 
long-lived, open-system magma chambers below each 
deposits diminished, from the Late Miocene to the Pliocene, 
due to the progressive decrease in subduction angle that 
ultimately led to the eastward migration of Andean 
magmatic activity (Stern, 1989; Skewes and Stern, 1994, 
1995; Stern and Skewes, 1995, 1997). This caused 
crystallisation and solidification of these magma chambers. 
Crustal thickening, uplift and erosion speeded this 
crystallisation and de-fluidisation process (Skewes and 
Holmgren, 1993; Skewes and Stern, 1994, 1995). Crystal- 
liquid fractionation combined with loss of both volatile 
enriched magmas and aqueous fluids from the roofs of these 
chambers created small volumes of “adakite-like” felsic 
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porphyry magma that intruded into already biotite-altered 
and mineralised rocks in each deposit. These felsic magmas 
were Cu-poor both because they contained less input of 
Cu from mantle-derived mafic magmas, and because they 
formed in conjunction with extensive loss of volatile- 
saturated and metal-rich anhydrite-bearing magmas and 
aqueous fluids from the roofs of the chambers. These late 
feisic porphyry dykes and stocks cut and redistributed 
previously emplaced Cu mineralisation, and generated 
fractures that focused subsequent supergene enrichment, 
but were not the main source of Cu in these deposit. 


The most significant temporal chemical trends observed 
among igneous rocks related to these deposits are towards 
higher ®7Sr/86Sr and lower '43Nd/'44Nd_ ratios 
(Figures 3 and 4). These trends are independent of the 
SiO, content of the rocks, and are most likely the result of 
progressively greater contamination of their mantle source 
by subducted sediments and continental crust. This was 
due to both increased subduction erosion caused by 
subduction of the Juan Fernández Ridge and decreasing 
volume of the subarc mantle wedge as the angle of 
subduction decreased (Stern, 1989, 1991a, 2001; Stern and 
Skewes, 1995; Kay et al., 2004). Southwards temporal 
migration of these changes (Fig. 3) reflects southward 
migration of the locus of subduction of the ridge (Yáñez 
et al., 2001, 2002). The La/Yb ratios of the more mafic 
rocks associated with the El Teniente deposit also increase, 
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Figure 11: Model for the multistage development of the El Teniente deposit (modified from Skewes et af., 2002, 2005) as well 
as the other giant Miocene and Pliocene Cu megabreccia deposits in central Chile. 


The main features of the model include: 


i). 


ii). 


iii), 


iv). 


a large, long-lived (72 m.y.), open system magma chamber, which crystalliscd at approximately >4 km depth, fed from below 
by mantle-derived mafic magmas and exsolving aqucous fluids through its roof to produce the large breccia pipes that arc 
prominent fcatures in cach deposit; 

decreasing magma supply in the Late Miocene and Pliocene as the subduction angle decreased, leading to crystallisation and 
solidification of this chamber; 

progressive uplift and crosion that enhanced this crystallisation and solidification process and resulted in telescoping of different 
types of breccia and igncous rocks; and 

progressive igncous differentiation of the magma chamber associated with crystallisation and volatile loss, ultimately generated 
“adakitic-like” felsic porphyrics that intruded previously mincralised rocks above the chamber. No cocval volcanism occurred 
during mineralisation, but once the chamber solidificd, post-mincralisation dykc and lavas were emplaced. The depth of the 
magmatic system precluded significant interaction with meteoric watcrs, and the deposits arc not zoncd around the magma 
chamber, but consist of numerous individual mincralised breccia pipes and veins and alteration zones that cach breccia created. 
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but only approximately two-fold, from S5 in the Early 
Miocene Coya-Machali volcanic rocks, to <7 in the Late 
Miocene mafic rocks that host the deposit, to =10 for the 
Pliocene post-mineralisation olivine-basalt mafic dykes and 
basaltic andesite lava flows in the Cachapoal River valley 
(Fig. 9). This change may reflect a decrease in degree of 
mantle partial melting as subduction angle decreased prior 
to eastward arc migration (Stern, 1989; Stern and Skewes, 
1995). It is clearly independent of crustal thickness since 
these mafic rocks form in the mantle, not the crust. 


Role of Ridge Subduction 


Subduction of the Juan Fernández Ridge played an 
important role in the formation of the giant Miocene and 
Pliocene deposits in central Chile. Ridge subduction 
resulted in decreasing subduction angle, which in turn 
caused crustal deformation, uplift and erosion. Ridge 
subduction and decreasing subduction angle together 
increased the rate of subduction erosion of the continental 
margin and the tectonic transport of continental components 
and Cl-rich seawater into the subarc mantle (Stern, 1989, 
1991). Both decreasing subduction angle and increasing 
crustal thickness decreased the volume of the subarc mantle 
wedge and thereby also increased the significance of 
contamination of the mantle by subducted components. 
Together these effects caused the isotopic changes in 
igneous rocks at the latitude of each deposit. Decreasing 
the volume of the subarc mantle wedge also caused a 
decrease in degree of mantle melting and input of mantle- 
derived mafic magmas into the bottoms of the large, long- 
lived open-system magma chambers above which the giant 
deposits formed. This ultimately led to their solidification. 
Crustal thickening, uplift and erosion speeded this 
crystallisation and devolatilisation process, and has 
continued to erode the deposits to their current level of 
exposure. However, neither slab-melting as a result of 
decreasing subduction angle, nor the melting or dehydration 
of the lithologically and isotopically heterogeneous deep 
roots of thickened continental crust, played any significant 
role in the formation of these deposits. 


Why the Deposits are Giant 


Clark (1993) suggested special litho-tectonic conditions 
might influence the formation of unusually large Cu 
deposits, proposing that such deposits in the Andes might 
“owe their origin to an unusually protracted (+200 m.y.)” 
subduction-related magmatic history, producing a Cu-rich 
zone “in the lowermost crust or lithospheric upper mantle” 
that could periodically produce the magmas associated with 
giant deposits. We suggest instead that the special litho- 
tectonic conditions that generated these deposits involved 
protracted magmatism, but only on the order of at least 
+2.5 m.y., not +200 m.y. as suggested by Clark (1993). 
Magmas involved in the generation of these deposits were 
typical Andean basalts and their more felsic differentiation 
products. They may have been highly oxidised (Garrido 
et al., 2002; Funk et al, 2004), but there is no evidence 
that they were exceptionally enriched in Cu or S. However, 
compression prevented their extrusion, allowing 
development of long-lived, open-system magma chambers 
in which highly saline, SO; and metal-rich aqueous fluids 


were concentrated at the tops of the chambers due to thermal 
gradients. Magma extrusion, in contrast, allows volatiles 
such as H,O and SO, to exsolve directly into the atmosphere 
as magmas approach or erupt to the surface, and thus 
volcanic activity may decrease the potential for subsequent 
formation ofa giant Cu deposit (Pasteris, 1996). Exsolution 
of these SO, and metal-rich fluids only through the process 
of devolatilisation which generated multiple mineralised 
breccia pipes over a 72.5 m.y. period, but not in association 
with magma extrusion, is what produced these anomalously 
large deposits, not an unusually oxidised, S or Cu-rich 
magina produced by melting of either the subducted slab 
(Gutscher et al., 2000; Mungall, 2002) nor the thickened 
roots of lower crust (Kay et al., 1999; Kay and Mpodozis, 
2002). 


What focused magmatism and mineralisation in such 
specific areas over a > 2.5 m.y. period of time remains a 
fundamenta! question in understanding why giant deposits 
develop in some locations in the Andes, but most plutons 
in the extensive Andean batholiths are barren. We suggest 
three inter-related possibilities for genesis of these world- 
class Cu systems. First, important N-S, NE-SW and NW- 
SE crustal structures intersect at these deposits. In the active 
southern Andean arc, the largest long-lived (>1 million 
years) magmatic systems, producing giant, >10 km in 
diameter calderas, such as Maipo caldera at 34°S (Stern 
et al., 1984b), Calabozos caldera at 36°S (Hildreth et al., 
1984), Copahue caldera at 38?S (Muñoz and Stem, 1988), 
and Puyehue caldera at 40°S (Gerlach et al., 1988), also 
occur where the generally N-S trending Andean arc is 
intersected by NW-SE arc segments (see Figs. 1 and 2 in 
Muiioz and Stern, 1988). Alternatively, focusing of 
magmatic activity and mineralisation may reflect 
segmentation of the subducted slab. The Los Pelambres 
and El Teniente deposits, for example, occur on the northem 
and southern boundary respectively of the segment of the 
Nazca plate that has ruptured to produce large earthquakes 
in central Chile every 83 + 9 years for the last 500 years 
(Comte ef al, 1986), and the Rio Blanco-Los Bronces 
deposit occurs on the boundary between the Flat-Slab and 
Southern Volcanic Zones segments of the Andes 
(Fig. 1). A third possibility is long-term focusing of 
magmatic activity may result from rheological contrasts 
between areas below each deposit and intervening areas, 
due to diapiric rise of magmas, either within the crust 
(Damon, 1986; Yáñez and Maksaev, 1994), or as deep as 
the subducted slab (Marsh, 1979). 
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Abstract - El Teniente, located in the Andes of central Chile, is the world’s largest known Cu-Mo deposit 
with estimated resources of >75x10° tonnes of fine Cu in ore with grades greater than 0.67%. Most of the 
high-grade hypogene Cu at El Teniente occurs in and surrounding multiple magmatic-hydrothermal breccia 
pipes. Mineralised breccia complexes, with Cu contents >1%, have vertical extents of 71.5 km, and their 
roots are as yet unknown. These breccias are hosted in a pervasively biotite-altered and mineralised mafic 
intrusive complex composed of gabbros, diabases, and porphyritic basalts and basaltic andesites. The multiple 
breccias in El Teniente include Cu and sulphide-rich biotite, igneous, tourmaline and anhydrite breccias, and 
also magnetite and rock-flour breccias. Biotite breccias are surrounded by a dense stockwork of biotite- 
dominated veins which have produced pervasive biotite alteration and Cu mineralisation characterised by 
chalcopyrite >> bornite + pyrite. Later veins, with various proportions of quartz, anhydrite, sericite, chlorite, 
tourmaline, feldspars and Cu and Mo sulphide minerals, formed in assoctation with emplacement of younger 
breccias and felsic porphyry intrusions. These generated sericitic alteration in the upper levels of the deposit, 
and in some cases contributed more Cu, but in other cases eliminated or redistributed pre-existing 
mineralisation. Both the Teniente Dacite Porphyry and the central rock-flour Braden Pipe breccia, the 
dominant litho-structural unit in the deposit, are Cu-poor. Their emplacement at a late stage in the development 
of the deposit created a relatively barren core, surrounded by a thin (~150 m) zone of bornite > chalcopyrite, 
in the larger main area of chalcopyrite-rich, biotite-altered mafic rocks and mineralised breccias. The small 
Teniente Dacite Porphyry is not the “productive” pluton responsible for the enormous amount of Cu in the 
deposit. Instead, the deposition of the large amount of high grade Cu, and other key features of the deposit 
such as the barren core, are the result of the emplacement of multiple breccias generated by exsolution of 
magmatic fluids from a large, long-lived, open-system magma chamber cooling and crystallising at >4 km 
depth below the palaeosurface. It is for this reason that genetically El Teniente, like other giant Miocene and 
Pliocene Cu deposits in central Chile, is best considered a megabreccia deposit. The multistage emplacement 
of breccias, alteration and Cu mineralisation at El Teniente spanned a time period of >2 million years, 
between >7.1 and 4.4 Ma. This occurred at the end of a >10 million year episode of Miocene and Pliocene 
magmatic activity, just prior to the eastward migration of the Andean magmatic arc as a consequence of 
decreasing subduction angle due to the subduction of the Juan Fernandez Ridge below central Chile. Ridge 
subduction and decreasing subduction angle also caused crustal thickening, uplift and erosion, resulting in 
telescoping of the various breccias and felsic intrusions in the deposit. El Teniente is located at the intersection 
of major Andean structures, which focused magmatic activity and mineralisation at this one locality for an 
extended period of time. 


Introduction 


El Teniente, located in the Andes of central Chile, 70 km 
southeast of Santiago (Fig. 1), is the world's largest known 
copper-molybdenum deposit. It originally contained an 
estimated total copper content of >93x10% tonnes (metric 
tons), of which 18x1 0° tonnes have already been extracted, 
leaving current resources of >75x10° tonnes of copper 
(Fig. 2) in ore with grades greater than 0.67%, and >1.4x10° 
tonnes of fine molybdenum in ore with grades greater than 
0.01996. El Teniente, known between 1904 and 1967 as 
the Braden deposit, is exploited by the world's biggest 
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underground mine, which encompasses an area of 
approximately 4 km? and has a vertical extent of >1000 m, 
between 1983 m (level Teniente 8) and 3137 m (level 
Teniente J) above sea level. Copper ore in the deposit occurs 
over an area of at least 2.7 x 2 km, and has a known vertical 
extent of 722000 m, from between the surface at 3200 m 
down to the deepest point intersected by drill holes at 
1200 m above sea level, 800 m below the current lowest 
level of mine operations. The actual depth to which copper 
mineralisation extends is unknown! 
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Lindgren and Bastin (1922) recognised that this deposit 
formed by multiple hydrothermal events associated with a 
sequence of igneous intrusions. Howell and Molloy (1960), 
Camus (1975) and Cuadra (1986) described El Teniente as 
a porphyry copper deposit formed around the Pliocene El 
Teniente Dacite Porphyry dyke, with 80% of its copper 
mineralisation hosted in Miocene andesitic extrusive rocks. 
During the last decade, however, regional mapping (Fig. 3; 
Morel and Spróhnie, 1992; Floody and Huete, 1998), and 
mapping 1n extensive new underground mine workings in 
the deeper hypogene zone (Fig. 4), along with petrological 
studies, have together provided new information about the 
host rocks (Skewes and Arévalo, 2000), hypogene ore 
distribution (Fig. 5; Arévalo ef al., 1998), and history of 
ore emplacement at El Teniente. These new results indicate 
that El Teniente is best described as a megabreccia 
deposit (Skewes ef al., 2002), within which most high-grade 
hypogene copper occurs in and surrounding multiple 
magmatic-hydrothermal breccia pipes emplaced in a mafic 
intrusive complex composed of gabbros, diabases, and 
porphyritic basalts, and not andesite extrusives. 


The copper-poor rock-flour breccia of the Braden Pipe, the 
central litho-structural unit in the deposit (Figs. 3-5; Floody, 
2000), and the Teniente Dacite Porphyry, both cut 


B 


70W 
ef 


pre-existing copper mineralisation originally deposited in 
and surrounding multiple breccia pipes in the mafic 
complex. These two copper-poor bodies, both emplaced 
at a late stage, have obscured the role of the earlier 
copperrich breccias in the generation of the deposit. 
Although intrusion of the Teniente Dacite Porphyry, 
andsubsequent supergene enrichment effects, concentrated 
previously emplaced mineralisation along the margins of 
this small, late, copper-poor stock, this porphyry was not 
the source of the enormous amount of copper in the 
deposit. 


The intrusion of the dacite porphyry at 5.28 Ma, as 
determined by a U-Pb in zircon crystallisation age, was 
associated with an important alteration event in the deposit 
at 5.3 Ma, as indicated by “Ar/” Ar ages of micas (Maksaev 
et al, 2001). However, it was not associated with a 
significant mineralisation event, as indicated by the fact 
that not a single one among >20 Re-Os ages for molybdenite 
mineralisation in the deposit correspond, within +300,000 
years, to the age of the intrusion of this porphyry (Maksaev 
etal., 2002; Munizaga et al., 2002). Also, where this dacite 
porphyry outcrops north of the Teniente River (Fig. 3), the 
extrusive rocks it intrudes are altered, but not mineralised 
(Floody and Huete, 1998). 


LEGEND 
‘ ~/™ Principal Reads 
ME Quoternary Volcanic Rocka LOS PELAMBRES 


Antofagasta = ۲ ۰ [ Lote Tertiary intrusions 
pa Late tertiary Volcanic Rocks T 


NAZCA 1 = 
PLATE E 


ES 


Late Cratoceous to aorly 
Tertiary Volcanic Rocka 


ic to early 


Jurass 
Tertlary Plutons 


Mesozolc Sadimentory 
end Volconic Rocks 


juan [m] Paleozoic Basement 


Ridge 


Santiago O 


Los Pelambres 


| 
Río Blanco- 
Los Bronces 


E! Teniente 


Chile Trench 


SVZ 


RIÓ BLANCO- 


VALPARAISO م‎ A 
K+ £ LOS BRONCES 


ITITI 


۱۳۳۷۷۸ 
irit 


Figure 1: Location maps of the three giant late Miocene and Pliocene copper deposits — Los Pelambres, Río Blanco-Los 
Bronces and El Teniente — in the Andes of central Chile, cast of Santiago. 


A) Tectonic features such as the position of the Chile trench, which is the boundary between the Nazca and South American plates, 
and the depth in kilometres (100 and 150 km) to the Benioff zonc of scismic activity below South America A significant 
change in subduction angle, from very shallow below the Flat-Slab segment, to a steeper dip below the Andean Southern 
Volcanic Zone (SVZ) of active volcanoes (triangles), takes place at the latitude of Santiago (33°S), 0 the Juan Fernández 
Ridge is presently being subducted (Yáñez et al., 2001, 2002). 


B) Simplified regional geology of central Chile (Serrano et al., 1996). In this schematic map, both the Coya-Machali and Farallones 
Formation are included in the belt of Tertiary volcanic rocks. 


General Background 


Baros (1996) has compiled a detailed history of the 

development and early mining at El Teniente since its 

discovery sometime prior to 1760. In 1904, William Braden 
bought the property and formed the Braden Copper 
Company, which in 1915 was acquired by Kennecott 
Corporation. The Braden Copper Company installed a 250- 

ton per day concentrator in 1906, and by 1960 the Kennecott 
Company was producing 34 000 tons of ore per day. Since 
1967, El Teniente has been owned by the people of Chile 
and run by the Corporación Nacional del Cobre de Chile 
(CODELCO-CHILE). The mine currently produces 98 000 
tonnes of ore a day, with an average grade of 1.2% copper 
and 0.026% molybdenum, and planned expansion of the 
mine over the next decade will further increase production. 
Information concerning many aspects of the operation of 
the mine can be found on the CODELCO-CHILE website 
www.codelco.com. 


Lindgren and Bastin (1922) presented the first 
comprehensive geologic description of the deposit. They 
described El Teniente as a copper deposit hosted in a sill, 
formed by andesite porphyry and quartz diorite, which 
intruded into a thick pile of volcanic rocks. They identified 
“a record of alternating igneous activity and ore deposition, 
which affords convincing evidence of the intimate genetic 
connection between igneous rocks and ore deposits.” 
Lindgren and Bastin (1922) considered El Teniente, along 
with Río Blanco-Los Bronces in central Chile (Fig. 1), to 
belong to a distinct type of Andean copper deposit 
dominated by tourmaline and chalcopyrite, along with 
pyrite and quartz. Lindgren (1933) noted that this type of 
tourmaline-copper deposit was associated with mafic rocks, 
including gabbros, diabases and diorites. Lindgren and 
Bastin (1922) distinguished these deposits from a second 
type, which includes Chuquicamata in northern Chile 
(Fig. 14), dominated by enargite, also along with pyrite 
and quartz. 


80 
El Teniente + 

vy 9 Rio Blanco- 

Los Bronces‏ ل 

S Other Andean Cu deposits Chuquicamata 

oer in Chile/Peru À 

2 > „Bingham 

£ * Los Pelambres 

3 20 


S.W. U.S.A Sonora 


9 2000 4 000 8 000 3 000 10 000 12 000 
Ore (million tonnes) 


Figure 2: Current resources (equals original resources minus 
historic production ) measured in millions of tonnes of fine 
copper, versus millions of tonnes of ore, for estimated resources 
in the three giant late Miocene to Pliocene copper deposits of central 
Chilc, compared to another giant Chilean copper deposit, 
Chuquicamata, and the ranges of smaller deposits in both the Andcs 
and the western U.S.A. The values for Los Pelambres include the 
Pachón resource, which is part of the same deposit in Argentina 
(Atkinson ef al., 1996). 


Figure modified after Clark (1993) 
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Howell and Molloy (1960) described El Teniente as “a 
model porphyry copper deposit” with “a circular 
configuration of alteration” and mineralisation “arrayed 
concentrically around a common centre.” They suggested 
that mineralisation in El Teniente was emplaced around 
the barren core of the Teniente Dacite Porphyry intrusion 
within the extrusive rocks of the Farellones Formation, and 
not in a sill as described by Lindgren and Bastin (1922). 
Camus (1975) summarised wall rock alteration and sulphide 
mineral distribution in the deposit, and also concluded that 
the Teniente Dacite Porphyry intrusion is directly associated 
with the main period of mineralisation and alteration. Ojeda 
et al., (1980) identified four stages of alteration and 
hypogene ore emplacement, which they termed 
Tardimagmatica (Late Magmatic), Hidrotermal Principal 
(Principal Hydrothermal), Hidrotermal Tardia (Late 
Hydrothermal), and Póstuma. Zuñiga (1982) detailed 
different vein types associated with these stages of 
alteration. 


Cuadra (1986) presented a basic chronology of the 
development of the deposit based on K-Ar dates of extrusive 
and intrusive igneous rocks, breccias and alteration events 
in and surrounding the El Teniente mine. He concluded 
that Miocene extrusive rocks in the vicinity of El Teniente 
range in age from 14 to 8 Ma, and felsic intrusive rocks 
within the deposit from 7.4 to 4.6 Ma. He dated latite ring- 
dykes surrounding the Braden Pipe between 5.3 and 4.8 Ma, 
and the Teniente Dacite Porphyry between 4.7 and 4.6 Ma, 
Both of these units predate the emplacement of the Braden 
Pipe, which he dated as between 4.7 and 4.5 Ma. He dated 
two post-mineralisation hornblende andesite dykes, the 
youngest igneous rocks within the deposit, as 3.8 to 2.9 
Ma. Charrier and Munizaga (1979) dated basaltic andesite 
lava flows in the Cachapoal River valley, just outside the 
area of the mine, as 2.3 to 1.8 Ma. 


Skewes et al., (2002) presented an updated description and 
interpretation of the genesis of the deposit based on results 
from numerous new studies conducted during the last 
fifteen years. They argue that El Teniente is a megabreccia 
deposit, and discuss the similarities between this deposit 
and the other giant Miocene and Pliocene deposits in the 
Andes of central Chile (Fig. 1) - Los Pelambres (32°S; 
>25x10° tonnes of copper; Atkinson ef al., 1996) and Rio 
Blanco-Los Bronces (33°S; >50x10° tonnes of copper; 
Warnaars et al., 1985; Serrano et al., 1996) - which are 
among the youngest and largest (Fig. 2) copper deposits in 
the Andes. These are all copper-, sulphur-, iron-, 
calcium-, molybdenum- and boron-rich, but gold-poor 
deposits that share important features such as their large 
tonnage and high hypogene copper grade, and the fact that 
most of their copper mineralisation occurs as primary ore, 
Supergene processes have enhanced copper concentrations 
in these three deposits, but not to the same extent as in 
Chuquicamata and other deposits in northern Chile. 


A distinctive feature of each of these three deposits is the 
presence of large magmatic-hydrothermal breccias, both 
mineralised and unmineralised (Skewes and Stern, 1994, 
1995). As noted by Howell and Molloy (1960), “On the 
west coast of South America, the study of porphyry copper 
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deposits seems to be almost synonymous with the study of 
breccia pipes.” In El Teniente, the enormous Braden Pipe 
has a known vertical extent of>2100 m, with a diameter at 
the current surface of approximately 1200 m (Figs. 3 and 
4; Floody, 2000), and possibly as much as 1000 m has been 
eroded off the upper part of the pipe since it was emplaced 
(Skewes and Holmgren, 1993; Kurtz et al, 1997). It is 
>650 m in diameter at its deepest documented level, 800 
m below the current mine. Although this is the largest and 
most prominent, it is only one among a number of 
magmatic-hydrothermal breccias at El Teniente (Fig. 4; 

Skewes et al., 2002). The multiple breccias in each of the 

three giant deposits in central Chile include copper- and 

sulphide-poor magnetite-actinolite breccias, copper- and 

sulphide-rich biotite, igneous, tourmaline and anhydrite 

breccias, and rock-flour breccias. The genesis of these 

magmatic-hydrothermal breccias has been attributed to the 

exsolution of aqueous magmatic fluids from cooling plutons 

(Warnaars et al., 1985; Skewes and Stem, 1994, 1995, 1996; 

Vargas el al., 1999; Skewes et al., 2001, 2002, 2003). In 

each of the three deposits, the multiple breccias are 

emplaced within extrusive and intrusive rocks of the 

Miocene Farellones Formation. The youngest late Miocene 

and Pliocene felsic intrusions in each deposit are weakly 

mineralised dacite porphyries, the emplacement of which 

has redistributed, both cutting and concentrating, pre- 

existing copper mineralisation. 


The igneous rocks in these and other Andean copper 
deposits, and by implication the deposits themselves, have 
been generated by processes associated with the subduction 
of oceanic lithosphere below the South American 
continental margin (Sillitoe, 1988). The three deposits in 
central Chile occur across the boundary between two major 
Andean tectonic segments (Fig. 1A): the Flat-Slab segment 
to the north, below which the angle of subduction has 
decreased significantly since the Miocene and where 
volcanism is now absent, and the Southern Volcanic Zone 
(SVZ), below which the subduction angle is steeper and 
volcanism is active. The formation of these three deposits 
is closely associated in time with the changing geometry 
of subduction that has produced this segmentation of the 
Andes (Stern, 1989; Skewes and Stern, 1994, 1995; Stern 
and Skewes, 1995, 1997; Garrido et al., 2002). As with 
the older copper deposits in northern Chile, such as 
Chuquicamata and El Salvador (Fig. 1A), copper 
mineralisation was emplaced during a relatively restricted 
time interval (2 to 3 M.y.), at the end of a more extended 
period of magmatic activity (>10 M.y.), Just prior to the 
eastward migration of the locus of the Andean volcanic arc 
(Maksaev and Zentilli, 1988; Skewes and Stern, 1994, 1995; 
Cornejo et al., 1997). 


Eastward migration of the magmatic arc occurred in central 
Chile during the late Miocene and Pliocene, as the angle of 
subduction decreased due to the subduction of the Juan 
Fernández Ridge below the South American continent 
(Stern, 1989; Stern and Skewes, 1995, 1997; Kay et al., 
1999; Kay and Mpodozis, 2002). The age of the youngest 
igneous activity in the vicinity of each deposit, which was 
approximately 6 Ma for Los Pelambres, 3.9 Ma for Rio 
Blanco-Los Bronces, and 1.8 Ma for El Teniente, decreases 
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southwards (Fig. 6), reflecting the southward sweep of the 
locus of subduction of the Juan Fernández Ridge (Yáñez 
et al., 2001, 2002). As the locus of subduction of the Juan 
Fernández Ridge migrated south and the angle of 
subduction decreased below central Chile, both the rate of 
subduction erosion of the continental margin, and 
consequently the extent of contamination with crustal 
components of the mantle source region of Andean arc 
magmas, increased, as indicated by the progressive 
temporal increase in *’Sr/*Sr ratios of these magmas 
(Fig. 6; Stern and Skewes, 1995). Subduction, into the 
mantle source region of Andean magmas, of oceanic crust, 
pelagic and terrigenous sediments, and continental crust 
tectonically eroded off the edge of the continent, may 
provide the large amounts of water, sulphur, copper, 
chlorine and boron involved in the generation of the giant 
copper deposits of central Chile (Stern, 1989, 1991; 
Macfarlane, 1999; Garrido et al., 2002). 


As the subduction angle below central Chile decreased, 
beginning in the middle Miocene, the crust was deformed 
and thickened (Jordan et al., 1983; Godoy et al., 1999), 
and uplifted and eroded (Skewes and Holmgren, 1993; 
Kurtz et al., 1997). Recent estimates of the regional rates 
of erosion from down-cutting of rivers (Charrier and 
Munizaga, 1979; Stem ef al., 1984), fluid inclusion analyses 
(Skewes and Holmgren, 1993), and ^ Ar/? Ar mineral dating 
of exhumed plutons (Kurtz ef al., 1997), range from 150 to 
300 m per million years over the last approximately 15 
million years. These erosion rates are an order of magnitude 
higher that the 30 m per million years estimated by Camus 
(1975). Uplift and erosion has exposed different levels of 
each deposit. Los Pelambres, the more northern and oldest 
of the three deposits, which is located on the drainage divide 
of the High Andes (Fig. 1B), is most deeply eroded. El 
Teniente, the more southem and youngest of the three 
deposits, located well west of the Andean drainage divide, 
is the least eroded. The differences in the sizes of these 
three deposits (Fig. 2) have been attributed in part to 
differences in the extent of erosion (Skewes and Stern, 
1995). 


Kinematic analysis of Neogene faults in central and 
southern Chile (Lavenu and Cembrano, 1999), and 
specifically in the area of El Teniente (Garrido et al., 1994, 
2002), indicates maximum shortening oriented at 94°49", 
consistent with the direction of convergence of the Nazca 
plate with the South American plate at approximately 
82°+4° (Pardo-Casas and Molnar, 1987). Godoy et al., 
(1999) have suggested that rocks of the Farellones 
Formation hosting the El Teniente deposit were uplifted 
and transported eastward along a low-angle thrust fault 
between 9 and 3.5 Ma. According to Garrido et al., (1994, 
2002), the deposit is emplaced within the El Teniente fault 
zone, which consists of anastomosing strike-slip faults, 
trending at 65°, within a 14 km long and 3 km wide block 
located between the Coya and Teniente River valleys on 
the north and the Agua Amarga fault on the south (Fig. 3). 
In the mine, a group of tourmaline and anhydrite breccia 
complexes south and east of the Braden Pipe are aligned 
along this trend, and intruded by post-mineralisation 
andesite dykes with the same NE-SW strike (Fig. 4). They 
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Figure 3: Geologic map of the area surrounding the El Teniente copper deposit (Morel and Spróhnle, 1992). 


The Braden Pipe occurs close to the intersection of the NE-SW-trending Teniente fault zone, which is located between the 
Teniente River and Agua Amarga fault, and the NW-SE trending Puquios'Codegua fault. 
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Figure 4: Geologic map of level Teniente 5 (2284 m above sea level) in the El Teniente mine. 


Apophyses of porphyritic tonalite north of the Sewell Tonalite are mapped as distal parts of this pluton, although they are younger and have an independent 
origin (Guzmán, 1991; Maksaev er al., 2002). The spatial extent of biotite breccias are projected onto this level from where they have been recognised 
between levels Teniente 4 and 8 in sections 124N and 83N, and also section 11 1N northeast of the Braden Pipe. Their full extent elsewhere in the deposit 
is as yet undetermined. and is likely to be much more extensive than shown as indicated by the spatial extent of pervasive biotite alteration. The area of 
supergene alteration and mineralisation runs below the Teniente River valley (Fig. 3). 
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Figure 5: Copper grades between levels Teniente 4 and $ in the El Teniente mine (Arévalo et al., 1998). 


Copper grades surrounding the Teniente Dacite Porphyry, north of the Braden Pipe, are enhanced by supergene 
enrichment effects that penetrate below level Teniente 5 in this area of the mine. Grades in the central rock- 
flour breccia of the Braden Pipe are generally <0,5%, but 0.75 to >1.5% in the tourmaline-rich Marginal 
Breccia of this pipe. Areas of high grade copper cast and northeast of the pipe are totally within the hypogene 
zone and correspond to the location of multiple breccias (Figure 4). 
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also recognised regional 312?t11? magnetic lineaments, 
possibly related to older Palaeozoic and Mesozoic basement 
structures, and strike-slip fault structures, such as the 
Puquios (Morel and Spróhnle, 1992) and/or Codegua fault 
(Rivera and Falcón, 1998), which intersect the El Teniente 
fault zone in the vicinity of the central Braden Pipe (Fig. 3; 
Garrido ef al., 1994). In the mine a group of breccia 
complexes located east and northeast of the Braden Pipe 
(Fig. 4), each intruded by small felsic porphyry apophyses, 
lie along or close to the NW-SE-trending Puquios/Codegua 
fault. Finally, regionally significant N-S structures may 
also have played a role in controlling the emplacement of 
the N-S-striking part of the Teniente Dacite Porphyry and 
a N-S zone of tourmalinisation within the Braden Pipe 
(Floody, 2000). Generally subvertical faults in all three of 
these directions (NE-SW, NW-SE, and N-S) were active 
before, during and after the formation of the deposit 
(Garrido et al, 1994). Inside the area of the mine, the 
emplacement of the Braden Pipe also exerted an important 
local structural control, resulting in both radial and 
concentric stockworks of hydrothermal veins, latite ring- 
dykes and pebble-dykes. 


Igneous Host Rocks 


El Teniente is located in middle to late Miocene extrusive 
and intrusive igneous rocks, which are part of the Farellones 
Formation (Fig. 3). Extrusive rocks of the Farellones 
Formation overlie older continental igneous rocks of the 
Oligocene to early Miocene Coya-Machali (Abanico) 
Formation (Charrier et al., 2002), which were initially 
uplifted and deformed beginning in the early Miocene (19- 
16 Ma; Kurtz et al., 1997), and again more strongly in the 
late Miocene and Pliocene (9-3.5 Ma; Godoy et al., 1999). 
Older Mesozoic igneous and sedimentary rocks and 
Palaeozoic metamorphics occur both well to the west of El 
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Figure 6: Diagram modified from Stern and Skewes (1995, 
1997), showing the *’SrA‘Sr ratios of igneous 
rocks, versus their age, at the latitudes of the three 
giant deposits in central Chile (32°S — Los Pelambres 
(circles); 33°S - Rio Blanco-Los Bronces (squares); 34°S 
- El Teniente (triangles); NSVZ for active volcanoes 
between 33-34°S). 


The figure illustrates the diachronous southward decrease 
in the time, at each latitude, of 


i). increases in Se/Sr of igneous rocks, and 
ji). castward migration of the magmatic arc. 


Both of these changes reflect the southward migration of 
the locus of subduction of the Juan Femández Ridge. 
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Teniente, along the Pacific coast, and also to the east, in 
the High Cordillera along the drainage divide between Chile 
and Argentina (Fig. 1B). These older rocks may occur in 
the deep crust below El Teniente, but they do not outcrop 
either within the mine or in the immediate vicinity 
surrounding the deposit (Figs. 3 and 4). 


Farellones Formation Extrusive Rocks 


Extrusive rocks of the Miocene Farellones Formation, 
locally referred to as the Teniente Volcanic Complex, are 
the oldest rocks exposed in the immediate area surrounding 
the deposit (Figs. 3 and 7). The Farellones Formation is a 
sequence of >2500 m of lavas, volcaniclastics rocks, dykes, 
sills and stocks of basaltic to rhyolitic composition (Vergara 
et al, 1988; Rivano et al, 1990). The Teniente Volcanic 
Complex near the deposit has been correlated with the upper 
part of this formation and dated between 15.2 and 7.5 Ma. 
Extrusive rocks of the Teniente Volcanic Complex were 
intruded by gabbro, diabase, diorite, tonalite, latite, and 
dacite porphyry plutons between 12.4 to 4.8 Ma (Cuadra, 
1986; Kurtz er al., 1997; Rivera and Falcón, 1998; Maksaev 
et al., 2001, 2002). 


The Teniente Volcanic Complex consists of tholeiitic to 
calc-alkaline extrusive rocks, which plot in the medium to 
high-K group of convergent plate boundary arc magmas 
(Kay and Mpodozis, 2002), in contrast to the rocks of the 
older Coya-Machalí Formation, which are low and 
medium-K tholeiitic arc igneous rocks (Chartier et al., 
2002; Yáñez et al., 2002). Rocks of the Teniente Volcanic 
Complex also generally have higher ratios of light-rare- 
earth (La) to heavy-rare-earth (Yb) elements compared to 
rocks of the older Coya-Machali Formation (Fig. 8A), and 
also higher initial $'"Sr/?5Sr and lower initial '43Nd/!44Nd 
ratios (Fig. 9). These differences are interpreted to represent 
a change from magma genesis in an extensional 
environment within relatively thin continental crust during 
the mid-Tertiary, when the Coya-Machalt Formation 
formed (Chartier et al., 2002), to conditions of thickened 
continental crust when the Teniente Volcanic Complex 
formed in the Miocene. 


El Teniente Mafic Intrusive Complex 


The oldest rocks within the mine are dark coloured, with 
an aphanitic to porphyritic appearance (Figs. 10۸ and 10B), 
and locally have been called the “Andesites of the Mine." 
These rocks, which host 8096 of the copper mineralisation 
in El Teniente (Camus, 1975; Arévalo ef aL, 1998), are 
strongly altered, brecciated and mineralised, and aspects 
of their original petrology have been obscured. The name 
"Andesites of the Mine" suggests intermediate extrusive 
rocks, and they have been correlated in the past with the 
andesitic extrusives of the Farellones Formation (Howell 
and Molloy, 1960; Camus, 1975; Ojeda et al., 1980; Cuadra 
1986), despite the fact that evidence for individual lava 
flows has not been found in the mine, and chemical analyses 
(Villalobos, 1975; Camus, 1975; Skewes and Arévalo, 
2000; Skewes et al., 2002) show SiO, contents that range 
from 47 to 57 wt % (Figure 11A), indicating these rocks 
are more basic than andesites. Recent geologic mapping 
(Figure 3; Morel and Spróhnle, 1992), and petrological 
studies (Skewes and Arévalo, 2000; Skewes et al., 2002), 
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indicate that the “Andesites ofthe Mine” are mafic intrusive 
rocks, including gabbros (Fig. 10C), diabases, and basaltic 
and basaltic andesite porphyries. They constitute part ofa 
mafic complex, with the form of a laccolith, that intruded 
rocks of the Teniente Volcanic Complex, as was originally 
suggested by Lindgren and Bastin (1922). Concordant 
intrusive contacts at the margins of this laccolith can be 
observed southwest of the El Teniente mine along the Coya 
River valley below the Copado tunnel, in the Teniente River 
valley both southwest and northeast of the mine (Fig. 3), 
and in the Diablo Canyon along the Puquios River to the 
southeast of the mine (Lindgren and Bastin, 1922). The 
central part of this mafic complex, within which the mine 
is located, has a vertical extent or more than 2000 m. 


Although mafic rocks of this complex have important 
textural variations, it is very difficult to recognise contacts 
or gradations between the different textural types, either in 
the mine or in drill core, because they are all dark coloured, 
strongly altered to biotite, copper mineralised and 
brecciated. These mafic rocks consist of medium to large 
crystals (1-6 mm) of calcic plagioclase (Any, 4,), and 
occasionally clinopyroxene, surrounded by a fine-grained 
(0.1-0.5 mm) crystalline mass generally dominated by 
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biotite and/or actinolite, with varying amounts of 
plagioclase, chalcopyrite, magnetite, anhydrite, tourmaline, 
chlorite, rutile, pyrite, and quartz. The bimodal population 
of crystal sizes in the “Andesites of the Mine” has been 
interpreted in the past as a porphyritic texture, typical of 
extrusives, with the plagioclase phenocrysts preserved and 
surrounded by a groundmass that was more susceptible to 
biotite alteration (Howell and Molloy, 1960; Villalobos, 
1975; Camus, 1975). This texture is in fact the result of 
intense alteration, which has replaced not only the 
groundmass in originally porphyritic rocks, but also original 
mafic igneous minerals, even in coarse-grained 
holocrystalline gabbros, with fine-grained secondary biotite 
and other phases, without significantly affecting the original 
igneous plagioclase (Figs. 10C and 10D). Plagioclase may 
be partly altered to biotite, sericite and/or tourmaline along 
crystal borders and fractures, but original crystals of 
plagioclase are still recognisable. Clinopyroxene, in 
contrast, is typically preserved in only the more coarse- 
grained gabbros. In some samples, clinopyroxene has been 
pseudomorphically replaced by actinolite and magnetite, 
but in most by secondary biotite, along with anhydrite, 
chalcopyrite, bornite, and Fe-Ti-oxides. Primary igneous 
homblende or biotite, or pseudomorphs of these minerals, 


Breccias, alteration 
& mineralisation 


0 
Magmatic arc migrated east after 1.8 Ma 
2 Cachapoal lavas (2.1 - 1.8 Ma) 
EMEN Andesite dykes 
4 (3.8-2.9Ma) Braden Pipe 
© Latte dykes (4.8 Ma) وی‎ (44 Mal 
> Porphyry “an Ears BN H (4.8 Ma) 
o 6 a Ma)  Dacite porphyry (5.3 Ma) TE a 
Sewell tonalite | لا [/ زا‎ 
< (7.4 - 7.1 Ma) 27 ۱ 2% 
o pd ره‎ ig | m © 3 c 
| pr don WU و‎ Sze 39 
10 nun MEA pL TA WS usnm 6 a بط‎ E $2 
sara fentente Volcanic ^ "^| SB 2 == 
i RE 
ا‎ | | poten AD = OM EA RE وم‎ Al i E O 
2 
e 
) $ 
SiO, wt. % = 


Figure 7: Age versus silica content for volcanic (shaded fields) and plutonic (black) igneous rocks from both the 
vicinity of and within the El Teniente mine, and the age of the Braden Pipe and occurrences of both 
alteration assemblages (LM = Late Magmatic; PH = Principal Hydrothermal; LH = Late Hydrothermal) and 


copper and molybdenum sulphides. 


Ages of igneous rocks determined by a combination of K-Ar (Charricr and Munizaga, 1979; Cuadra, 1986, 1992), U-Pb 
in zircons (Maksacv et al., 2001, 2002), and a fission track in apatite date for a sample of the mafic laccolith outside the 


mine (K. Thiclc, unpublished date). 


Age of the Braden Pipe determined by K-Ar (Cuadra, 1986) for a scricitiscd clast, and “Ar” Ar (Maksaev ct al., 2002) in 


scricite from a clast within the pipe. 


Estimated time periods for alteration assemblages include cross-cutting relations as well as both K-Ar and *Ar/PAr ages 
for secondary biotitcs (6.0 to 4.7 Ma; Cuadra, 1986; Maksacv ct al., 2001) and scricitc (6.4 to 4.4 Ma; Maksaev et al., 


2001). 


Episodes of molybdenite mineralisation (pluses) reflect multiple (>20) Re-Os ages in molybdenite (Maksacv et al., 2002; 
Munizaga ct al., 2002), but arc only for molybdenite in felsic rocks and therefore do not date the entire period of mineralisation 
within the mafic rocks which host 80% of the copper mincralisation in the deposit. None of those mincralising episodes 


correspond to the 5.28 Ma age of the Teniente Dacite Porphyry. 


do not occur in these rocks. Fresh olivine and 
orthopyroxene have also never been found, but possible 
pseudomorphs of both these minerals have been observed. 


The least altered gabbros, diabases (dolerites) and basaltic 
porphyries have SiO, contents that generally range between 
47 and 54 wt. %, chemically corresponding to basalts and 
basaltic andesites (Figure 11A; Skewes et al., 2002). They 
have between 6 and 11 wt. % CaO, and 16 to 22 wt. % 
ALO,, consistent with their high calcic plagioclase content. 
The FeO (6 to 11.7 wt. %) ts high with respect to MgO 
(<6.2 wt. %), and TiO, and P,O, contents are relatively 
low, consistent with tholeiitic affinities for these mafic 
rocks. There is no chemical distinction between gabbros, 
diabases, and basaltic porphyries. These mafic rocks have 
low rare-earth-element (REE) concentrations, with light- 
REE not very strongly enriched relative to heavy-REE 
(La/Yb <8; Fig. 8A). The alkali components and volatile 
content vary according to the type and degree of alteration. 
The freshest rocks, with only minor actinolite and/or 
chlorite, have the lowest K,0 (0.5 to 1.5 wt %) and H,O 
(typically <1.5 wt %) contents. The samples with more 
intense biotite alteration have higher K,O content, as much 
as 4 wt % (Fig. 11A). 


An apatite fission track age of 8.9 Ma was obtained for a 
sample of the mafic laccolith from west of the mine 
(K Thiele, unpublished data), but the age of the mafic 
intrusive rocks inside the mine have not been determined. 
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Figure 3: 


A. La/Vb ratios, versus age, far samples of volcanic 
rocks from the El Teniente area, including Coya- 
Machalí (Abanico) volcanic rocks (Charrier et al., 2002), 
the rocks of the Teniente Volcanic Complex (Kay and 
Mpodozis, 2002), and also lavas from the Cachapoal River 
valley (Stern and Skewes, 1995), Plutonic igneous rocks 
from the minc, including the mafic laccolith that hosts most 
of the mineralisation, the Sewell Tonalite, Teniente Dacite 
Porphyry and post-mincralisation andesite dykes, arc 
indicated in black (Stern and Skewes, 1995; Skewes ct al., 
2002). 


B. Relative volume percent, bascd on relative arca of outcrop 
in the region of the deposit (Figure 3), versus age of the 
different igncous rocks in the vicinity of and within the minc. 
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They are intruded by all the different felsic intrusions and 
breccias in the mine (Fig. 4), including the Sewell Tonalite 
in the southern-, the Teniente Dacite Porphyry in the 
northern-, the Braden Pipe in the central-part of the mine, 
and by numerous other magmatic-hydrothermal breccias 


and minor felsic porphyries. 


Felsic Intrusions 


Two felsic plutons which intrude the mafic rocks in the 
area ofthe mine include the larger Sewell Tonalite southeast 
ofthe Braden Pipe and the smaller Teniente Dacite Porphyry 
north of the pipe (Figs. 3 and 4). Their spatial distribution, 
published ages, and general petrologic characteristics 
confirm that they are two independent bodies intruded at 
different times. The Sewell Tonalite is dated, by K-Ar, 
between 7.4 and 7.1 Ma, and the younger Teniente Dacite 
Porphyry between 4.7 and 4.6 Ma (Cuadra, 1986), and more 
recently the latter at 5.28 Ma by U-Pb in zircons (Fig. 7; 
Maksaev et al., 2002). Other smaller felsic bodies, which 
include apophyses of porphyritic diorite, tonalite and/or 
dacite, occur east of the Braden Pipe (Fig. 4; Guzman, 
1991). A K-Ar age of 6.0 Ma (SERNAGEOMIN, 1986) 
has been obtained for the relatively mafic “Porphyry A” 
within this group, while others have been dated as 6.46 to 
6.11 Ma by U-Pb in zircons (Fig. 7; Maksaev ef al., 2002). 
Latites, dated between 5.3 and 4.8 Ma by K-Ar (Riveros, 
1991; Cuadra, 1992), between 4.8 and 4.4 by “Arf*Ar 
(Maksaev et al., 2001), and more recently at 4.82 Ma by 
U-Pb in zircon (Fig. 7; Maksaev et al., 2002), occur both 
as ring-dykes concentric to the Braden Pipe (Fig. 4) and as 
blocks within this breccia, 
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SAS" versus !'Nd/*N4 ratios for igneous 
rocks from the vicinity of the El Teniente copper 
deposit in central Chile, with data from Kay and 


Mpodozis (2002; open symbols) and Stern and Skewes (1995; 
solid symbols). 


The figure illustrates the temporal cvolution, through the 
Miocene, towards higher *Sr/44Sr and tower 3 ۷0 
which may reflect a combination of crustal thickening (Nystrom 
ct al, 1993; Kay ct al., 1999), and/or increased mantle-source 
region contamination by subducted continental crust as the 
angle of subduction decreased and the rate of tectonic crosion 
increased during the Miocene and Pliocene (Stern, 1989, 1991, 
2001; Stern and Skewes, 1995, 1997). 
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The Sewell Tonalite is one among a number of plutons that 
constitute the Teniente Plutonic Complex which intruded 
Teniente Volcanic Complex extrusive rocks between 12.4 
and 7.0 Ma (Cuadra, 1986, 1992; Kurtz et al., 1997; Rivera 
and Falcón, 1998). The Sewell Tonalite consists of 
oligoclase, plagioclase, altered amphiboles, biotite, quartz, 
and minor potassium feldspar, with textures that vary from 
medium-grained (1-5 mm) equigranular to porphyritic. 
Although mineralogically similar, it is not clear if the 
equigranular and porphyritic portions of the Sewell Tonalite 
represent one or more intrusive bodies. Camus (1975) 
suggested that porphyritic tonalite represents the more 
rapidly chilled margin of this pluton, whereas Guzman 
(1991) suggested that the porphyritic tonalite was a separate, 
younger intrusive phase more closely related to the 
porphyritic apophyses to the north. 


The Teniente Dacite Porphyry is a dyke-like body, 
extending 1.5 km to the north of the Braden Pipe, with a 
maximum width of 300 m (Fig. 4). The Teniente Dacite 
Porphyry has been truncated on the south by the 
emplacement of the Braden Pipe. It is composed of several 
texturally different porphyritic units, with variable 
proportions of phenocrysts of oligoclase-albite plagioclase, 
biotite, minor replaced amphiboles, and “quartz eyes”, 
surrounded by a groundmass with quartz, albite, potassium 
feldspar and biotite (Rojas, 2002). It has been considered 
by many authors to be the “productive” igneous intrusion 
responsible for mineralisation at El Teniente (Howell and 
Molloy, 1960; Camus, 1975; Ojeda et al., 1980; Cuadra, 
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1986). However, relative to other igneous rocks associated 
with this giant deposit, this pluton has a very small volume 
(Figs. 3 and 8B), much less than the >600 km? of magma 
calculated to be required to yield the approximately 100x 10* 
tonnes of copper originally in the deposit (see discussion). 
Also, its core is practically barren and it clearly cuts copper 
mineralised mafic rocks, veins and breccias in the deposit 
(Fig. 12). Furthermore, its northernmost extension, north 
of the Teniente River valley (Fig. 3), is unmineralised 
(Floody and Huete, 1998), and none of the Re-Os ages for 
mineralisation in the mine correspond to the 5.28 Ma 
crystallisation age of this pluton (Fig. 7). 


Major element chemical analyses do not distinguish the 
Sewell Tonalite and Teniente Dacite Porphyry (Fig. 11B). 
The available analyses of these two stocks range between 
61.5 and 67.3 wt % SiO», with K,O content between 1.8 to 
6.3 wt % (Skewes et al., 2002). Rare-earth-elements in 
the Teniente Dacite Porphyry are strongly fractionated (La/ 
Yb = 19.3 to 61.6), whereas for the equigranular Sewell 
Tonalite, this ratio ranges between both lower, less 
fractionated values, to highly fractionated values (La/Yb = 
9.9 to 44; Fig. 8A). Rabbia et al., (2000) also report high 
La/Yb ratios (27 to 44) for the 7.0 Ma Laguna La Huifa 
quartz-diorite porphyry located a few kilometres northeast 
of the mine. As with the major elements, it appears that 
these trace element ratios do not distinguish the Sewell 
Tonalite from the Teniente Dacite Porphyry. The porphyry 
apophyses to the northeast of the Braden Pipe (Fig. 4) are, 
however, chemically more variable than either the Teniente 
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Figure 11: SiO, versus K,O for 


A. gabbros, diabases and porphyritic basalts and basaltic andesites from the mafic igncous complex that hosts most of the mineralisation within the El 
Teniente mine. Small squares are data from Villalobos (1975) and include both weakly and strongly altered samples, the latter which have high K,O, 


and larger squares arc from Skewes ct al. (2002); and 


B. felsic intrusions (Guzmán, 1991; Stern and Skewes, 1995; Rojas, 2002; Skewes et al, 2002), including the Sewell Tonalitc (triangles), porphyritic 
tonalite apophyses (small squarcs), latite dykes (stars), the Teniente Dacite Porphyry (diamonds) and post-mincralisation andesite dykes and basaltic 


andesite lavas (circles; Stern and Skewes, 1995). 
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Figure 12: See facing page 


A. Mechanically brecciated contact zone where the Teniente Dacite Porphyry has intruded previously biotite altercd, vcincd and mincralised mafic 
rocks (outcrop in a minc tunnel on level Teniente sub-6H at 620N, 620E, 2121 m above sca level). 


B. Porphyritic dacitc, with fresh biotite phenocrysts, quartz and feldspars, and amphiboles pscudomorphically replaced by chlorite and scricite, cutting 
a previously veined and biotitc-altercd mafic rock (sample DDH1659-713*; from a vertical drill hole initiated at love! Teniente sub-6, northeast of thc 


Braden Pipe; 593N, 835E, 1908 m above sca level), 
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Figure 10: 


A) A typical dark, mafic, altered and mineralised (1.82% Cu) “Andesite of the Mine” cut by a biotite* quartz *chalcopyrite vein (sample 
DDH1034-712 from a drill hole initiated on level Teniente-5, northeast of the Braden Pipe; 619N, 1323E, 2284 m above sea level). 

B) Another typical dark “Andesite of the Mine” that is actually a biotite-altered gabbro (Figure 10C) cut by a thin biotite vein (<2 mm 
across) with a wide biotite-rich halo (4 cm across; Figure 10D), that appears darker than the rest of the rock, and within which the 
texture of the original gabbro is essentially obliterated (sample DDH1411-1680; from a drill hole initiated at level Teniente 4- 
Production, south of the Braden Pipe; 363S, 300E, 2057 m above sea level). 

C) Photomicrograph (crossed polarisers; 5.8x3.7 mm) of this biotite-altered gabbro (Figure 10B), 3 cm from the centre of a biotite vein 
(Figure 10D), and just outside the intense biotitc-altered halo of this vein. Outside this vein halo the gabbro preserves weak magnetite- 
actinolite alteration that has pseudmorphically replaced original mafic minerals, but left calcic plagioclase unaltered. A very thin 
biotite vein (<! mm), barely visible in the macro photo (Figure 10B), cuts the upper part of the gabbro angling upwards to the right. 

D) Photomicrograph (crossed polarisers, 5.8 x 3.7 mm) of the centre of the thin biotite vein, which contains chlorite partially replacing 
biotite, anhydrite, quartz, chalcopyrite and pyrite, and a part of the surrounding and much wider vein halo within which this same 
gabbro (Figures 10B &10C) has been intensely biotite-altered. Within the halo, only relic calcic plagioclase grains remain, whereas 
just outside the halo, the original texture of the gabbro is preserved. as are carlier magnetite-actinolite alteration effects (Figure 10B). 
When the density of such veins is high, and their halos coalesce, the original texture of such gabbros is nearly completely obliterated 
by the intense biotite alteration, and the rock appears porphyritic although it was originally both holocrystalline & equigranular. 


Figure 12: See caption on facing page 
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Figure 15. See caption on facing page 
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Dacite Porphyry or Sewell Tonalite, with SiO, ranging 
between 51 to 72 wt % (Fig. 11B; Guzmán, 1991). This ts 
also consistent with their ages, summarised above, which 
indicate that the porphyry apophyses are independent small 
bodies intruded between the times that the larger Sewell 
Tonalite and Teniente Dacite Porphyry were emplaced, and 
that they are not all simply marginal portions of either the 
Sewell Tonalite or Teniente Dacite Porphyry. The Sewell 
Tonalite, and other plutons of the Teniente Plutonic 
Complex, have Sr and Nd isotopic compositions similar to 
extrusive rocks from the Teniente Volcanic Complex 
(Figure 9). Their ?Sr/?6Sr and '?Nd/'^Nd ratios are higher 
and lower, respectively, than extrusive rocks of the older 
Coya-Machalí Formation, 


Latite porphyry ring-dykes occur concentrically 
surrounding the Braden Pipe (Fig. 4). Both their K-Ar age 
(5.3 to 4.8 Ma; Cuadra, 1992), and the occurrence of blocks 
of this rock type in the pipe, suggest that at least some 
latite porphyry intruded prior to the formation of the Braden 
Pipe and may have played a role tn the formation of the 
pipe (Floody, 2000). This is consistent with a zircon U-Pb 
age of 4.82 Ma for one latite dyke, and a sericite ۹0۵/39۵ 
age of 4.75 Ma for altered clasts within the Braden Pipe, 
which suggest that the latite dykes and pipe formed together 
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(Maksaev et al., 2002). The latite is a porphyritic rock, 
with a higher proportion of plagioclase phenocrysts than 
the Teniente Dacite Porphyry. It also contains phenocrysts 
of biotite, altered amphibole, and quartz eyes, in a 
groundmass of quartz and feldspar. Available chemical 
analyses indicate that the latite is chemically similar to both 
the Teniente Dacite Porphyry and the Sewell Tonalite, with 
between 62.5 and 66.7 wt % SiO, and 1.2 to 4.8 wt % K;O 
(Fig. 11B), and a high La/Yb ratio of about 30 (Kay and 
Mpodozis, 2002). 


Post-mineralisation Dykes and Lava Flows 


The youngest igneous rocks in the deposit are post- 
mineralisation hornblende andesite dykes, dated as 3.8 to 
2.9 Ma (Fig. 7; Cuadra, 1986). They contain phenocrysts 
of amphiboles and andesine plagioclase in a fine-grained 
groundmass of plagioclase, amphibole, iron oxides and 
glass. They have SiO, between 55.8 and 64.7 wt % 
(Figure 11B), La/Yb values of 14.1 to 25.7 (Fig. 8A), and 
their ®’Sr/*°Sr ratios are slightly higher and ۵ 
ratios slightly lower than rocks of the older Teniente 
Volcanic and Plutonic Complexes (Fig. 9). 


The youngest igneous rocks in the vicinity of the deposit 
are 2.3 to 1.8 Ma lava flows in the valley of the Cachapaol 


Figure 13: See facing page 


A. Hctcrolithic rock-flour breccia from the central "boloncs" portion of the Braden Pipe (Fig. 4; Floody, 2000). Rock-flour is cemented by sericite and 


quartz, along with finc tourmaline, which gives it a dark appearance relative to the almost completely scricitised and silicificd clasts (sample from 
level Teniente 4, 2346 m above sea level). 


Tourmalinc-rich Marginal Breccia of the Braden Pipe, with clasts of biotite-altered mafic rocks that have devcloped strongly bleached borders 
consisting almost completely of scricite and quartz, along with minor carbonates and clay. Photo taken on the northeast margin of the Braden Pipe 
in a tunnel on level Teniente sub-5 (323N, 910E, 2190 m above sca level), in an area where the emplacement of Marginal Breccia clearly involved 
some significant pulverisation and displacement of clasts. 


A hcterolithic anhydrite breccia, containing a large clast of dacite porphyry, altered to biotite around its edges, a small clast on the right of biatitised 
mafic rock, and a clast just in front of the coin of dark coloured anhydrite containing numerous inclusions of co-precipitated biotite and chalcopyrite 
(sample from a tunnei on level Tenicnte 6, within the Esmeralda project (Morales, 1994), just northeast of the Braden Pipe; SOON, 1090E, 2210 m 
above sca level), 


Biotite breccia containing clasts of biotite-altered and mineralised porphyritic basalt (sample DDH1951-711*; from a horizontal drill hole initiated 
at level Teniente 8, northeast of thc Braden Pipe; 816N, ۱4008, 1983 m above sca level). Similar biotite breccias have been mapped in the past as 


part of the “Andesite of the Mine”. Both the breccias and clasts arc cut by quartz-anhydrite Late Magmatic veins, with some chlorite after biotite, 
chalcopyrite and pyrite. 
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Figure 14: See facing page 


A. Two hcterolithic igncous breccias with different proportions of felsic and biotite-altered mafic clasts (samples: on the right - DDH1034-100”; from 


a drill hole initiated at Icvel Teniente 5, northeast of the Braden Pipe; 619N, 1313E, 2256 m above sca level; and on the left - DDH 1337-349; from 
drill hole initiated at levei Teniente 4-Production, cast of the Braden Pipe; 109N, 1600E, 2200 m above sca level; section (24N). The lack of 
secondary biotite in the felsic clasts suggests that the mafic clasts were altered prior to their incorporation in these breccias. 


Photomicrograph (crossed polariscrs, 5.8 x 3.7 mm) of fine-grained igncous breccia, with biotite-tich matrix containing anhydrite, quartz, feldspar 
and chalcopyrite, and biotite-altercd gabbro clasts (sample DDHH 1698-174’; from a nearly horizontal drill hole initiated at level Teniente 8, northeast 
of the Braden Pipe; 1076N, 1024E, 1960 m above sea level; section 83N). 
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Figure 15: See facing page 


Late Magmatic quartz veins, without halos, in a biotitc-altered mafic rock. The vertical quartz vein in the centre of the photo cuts carlier thin biotite 
veins, which run from the lower right toward the upper left comer of the core section, across a displacement in these veins (sample DDH 1659-563"; 
from a near vertical drill hole initiated on level Teniente 6, northeast of the Braden Pipe; 593N, 835E, 1954 m above sca level). 


Principal Hydrothermal pyrite and quartz vcin, with a sericite, chlorite and quartz halo, cutting a previously biotite-altered mafic rock (sample 
DDH1529-490*; sample from a drill hole initiated on level Teniente 5, cast of the Braden Pipo; 123N, 1640E, 2130 m above sea level; section 124N). 
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River (Fig. 7; Charrier and Munizaga, 1979). These are 
two-pyroxene basaltic andesites with 55.4 to 56.5 wt % 
SiO» (Fig. 11B). They have lower La/Yb ratios (9.7) than 
the older andesite dykes in the mine (Fig. 8A), but higher 
915/۵85 and lower '3Nd/'4Nd ratios (Fig. 9). 


Breccias 


The El Teniente deposit contains many different magmatic- 
hydrothermal breccias, both mineralised and unmineralised. 
The Braden Pipe, the largest breccia pipe and the central 
litho-structural unit in the deposit (Figs. 13A and 13B), 
biotite-rich breccias cutting the Sewell Tonalite, and 
anhydrite breccias (Fig. 13C) are easily recognised and 
mapped because the colour, texture, and/or mineralogy of 
their matrices contrast clearly with their contained clasts 
and the surrounding host rocks, However, many breccia 
bodies at El Teniente, including some associated with high- 
grade copper mineralisation, such as biotite breccias cutting 
the biotite-altered mafic host rocks of the deposit 
(Fig. 13D), are difficult to recognise both in the mine and 
in drill core. This is because i). the matrix of these breccias 
lack colour, mineralogic and/or textural contrast with clasts; 
il). they are located in areas where subsequent emplacement 
of other breccias, felsic igneous intrusions and associated 
alteration have occurred; and 111). supergene events have 
obscured them even further. For these reasons, some 
important breccias have only recently begun to be identified 
and mapped. As mine operations have developed deeper 
into the zone of hypogene mineralisation, the presence of 
biotite and igneous breccias, and the recognition of the 
important role they played in the emplacement of copper 
mineralisation, has become evident (Skewes et al., 2002). 


Breccias at El Teniente are both monolithic (Figs. 13B and 
13D) and/or heterolithic (Figs. 13A and 14A). The nature 
of their clasts depends in part on the location of the breccias 
in the deposit, and in part on at what stage they were 
emplaced. For this reason, most breccias at El Teniente 
are classified according to the most abundant minerals or 
components in their matrices, They include tourmaline 
(Fig. 13B), anhydrite (Fig. 13C), biotite (Fig. 13D), 
gypsum, magnetite, igneous (Figs. 14A and 14B) and rock- 
flour (Fig. 13A) breccias (Arredondo, 1994; Morales, 1997; 
Floody, 2000). In rock-flour breccias, small crystals and 
rock fragments form a significant part of the matrix, and 
this rock-flour may itself be cemented by biotite, 
tourmaline, quartz, sericite, and/or pyrite. Individual 
breccias or breccia complexes may form in multiple events, 
with different matrix minerals precipitating during each 
event. The Braden Pipe, for example, consists of a marginal 
ring of copper-rich tourmaline breccia (Fig. 13B) and a 
central core of copper-poor rock-flour breccia (Fig. 13A), 
which may have formed at several different stages during 
the development of this single large breccia pipe (Fig. 4; 
Floody, 2000). 


Contacts between the margins of the breccias and the host 
rocks can be sharp, or gradational with a stockwork of veins 
developing from the border of the breccia into the adjacent 
host rocks. Veins in stockwork that surround breccias 
typically have a central fracture filled with the same 


ATT A 


minerals as in the breccia matrix, and halos of the same 
alteration minerals that occur in clasts within the breccia. 
Specific types and/or events of stockwork veining, 
alteration and mineralisation in El Teniente are often clearly 
Spatially and genetically associated with the emplacement 
of specific breccias. 


Different magmatic-hydrothermal breccias observed at El 
Teniente reflect a complex sequence of multiple events that 
resulted in the emplacement of the large quantity of high- 
grade hypogene copper ore in the deposit. General 
charactertstics of the major types of breccias, and their 
associated stockwork veins and alteration effects, are 
described below, in an approximate chronological sequence, 
from those emplaced early to those emplaced later in the 
evolution of the deposit. However, some types of breccias 
formed repeatedly during the development of the deposit 
and there is in fact no simple chronological sequence of 
different breccia types. 


Mapnetite Breccias 


Magnetite breccias have been described from a few 
kilometres north of the E] Teniente deposit in the area of 
Laguna La Negra (Fig. 3; Floody and Huete, 1998), and 
from a few kilometres south of the mine in the Coya and 
Matadero River valleys (Floody and Huete, 1998; Floody, 
2000), but not within the El Teniente mine itself. However, 
their presence in the mine is indicated by the recovery of 
magnetite crystals up to 30 cm in length in the mine plant, 
and also by the common occurrence of magnetite-actinolite 
stockwork veins and alteration within mafic igneous rocks 
in the deposit. The matrix minerals in the breccias at Laguna 
La Negra include magnetite, actinolite, tourmaline, quartz, 
apatite, while K-feldspar, and secondary minerals in clasts 
and wall rock include magnetite, actinolite, chlorite, quartz, 
and feldspar. 


Biotite Breccias 


Brown biotite is the dominant mineral in biotite breccias, 
which also contain variable amounts of tourmaline, quartz, 
feldspars, chlorite, anhydrite, gypsum, apatite, chalcopyrite, 
bornite, pyrite, rutile, and magnetite (Fig. 13D). Biotite 
crystals in the matrix of biotite breccias can be fine-grained, 
oras much as several centimetres in length. Biotite breccias 
are usually monolithic, with clasts dominated by either 
mafic (Fig. 13D) or felsic intrusive rocks, but in some cases 
they can have both. Biotite-rich breccias usually have high 
a copper content. Biotite-altered mafic clasts in biotite 
breccias are often barely recognisable as such. Biotite 
breccias are associated with the development of a stockwork 
of biotite-rich veins in the surrounding host rock. 


Biotite breccias, and associated biotite veins and alteration, 
post-date magnetite-actinolite alteration. Fragments of 
biotite breccias and biotite-altered mafic rocks have been 
found in igneous (Figs. 14A and 14B), anhydrite, 
tourmaline (Fig. 13C), and rock-flour breccias, indicating 
that biotite breccias, veins, and pervasive biotite alteration 
occurred early in the formation of the El Teniente deposit. 
Biotite breccias, veins, and biotite-altered mafic rocks are 
cut by felsic intrusions (Figs. 12A and 12B). Generally, 
neither of the two large felsic plutons, the Sewell Tonalite 


and the Teniente Dacite Porphyry, nor the latite dykes 
associated with the Braden Pipe, are biotite-altered, except 
locally where biotite breccias and veins cut these intrusions, 
or where they are included as clasts in breccias (Fig. 13C). 
These relations suggest that biotite breccias were emplaced 
repeatedly in the evolution of the deposit, and in many cases 
clearly prior to emplacement of the felsic intrusions (Fig. 7). 
Biotite is often altered to chlorite and/or sericite (Fig. 13B) 
by later alteration events associated with the intrusion of 
both younger breccias and felsic plutons, and this has further 
added to the difficulties involved in recognising and 
mapping these breccias and veins. 


Biotite breccias and associated veins in El Teniente 
resemble those in Los Pelambres (Skewes and Atkinson, 
1985; Atkinson ef al., 1996) and in the Rio Blanco breccia 
complex of Rio Blanco-Los Bronces (Serrano et al., 1996). 
They formed relatively early in the development of the 
deposit, and occur in areas of potassic alteration associated 
with high-copper hypogene grade. Biotite breccias at El 
Teniente have been identified in zones of high-grade 
hypogene copper surrounding the Braden Pipe, but distant 
from the Teniente Dacite Porphyry (Fig. 4). These include 
a 400 by 400 m area located east of the Braden Pipe (section 
124N; Fig. 4), where copper grades exceed 2% (Fig. 5) 
within a complex of biotite, igneous, anhydrite and 
tourmaline breccias, which both cut the Sewell Tonalite 
and are transected by Porphyry A (Arredondo, 1994). 


They also occur in an area of high-grade hypogene copper 
northeast of the Braden Pipe (400-600N, 1000-1200E, 
Figs. 4 and 5; Arredondo, 1994; Morales, 1997), where the 
Esmeralda sector of the mine is currently being developed. 
Biotite breccias occur both west and east of the Teniente 
Dacite Porphyry (section 83N; Fig. 4). They may have a 
much greater extent in the deposit than has been recognised 
up to the current time, as indicated by the spatial extent of 
pervasive biotitisation. 


Igneous Breccias 


Igneous breccia is the name given to breccias in which the 
matrix contains biotite, quartz, feldspars, anhydrite, 
chalcopyrite and iron oxides, and has a typically fine- 
grained, equigranular, holocrystalline “igneous” appearance 
(Figs. 14A and 14B). If the matrix 1s dominated by a dark 
biotite-rich cement, then they are often called andesitic 
igneous breccia. Alternatively, if the matrix is lighter in 
colour, because it contains less biotite and more anhydrite, 
feldspars and quartz, then they are termed dacitic or diorite 
igneous breccia. Igneous breccias have mineralogy similar 
to biotite breccias, but in general contain less biotite, and 
in some areas appear to grade into biotite breccias. 


Igneous breccias often contain clasts of biotite-altered mafic 
rocks (Figs. 14A and 14B). In some cases they may post- 
date biotite alteration of these clasts (Guzman, 1991), as 
indicated by the lack of biotite alteration of felsic clasts in 
the same breccia (Fig. 14A). In some areas of the mine 
they are associated with high-grade copper mineralisation. 
For example, in the Esmeralda sector of the mine, northeast 
of the Braden Pipe (400-600N, 1000-1200E, Fig. 4; 
Morales, 1997), one igneous breccia which occurs over a 
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width of more than 60 m, contains rounded clasts of both 
tonalite and biotite-altered mafic rocks in a chalcopyrite- 
rich “igneous” matrix. This breccia carries grades of >1.5% 
Cu. It has a recognised vertical extent of at least 200 m 
below its present level of exploitation, widens at depth and 
its roots have yet to be encountered. Igneous breccias are 
also associated with biotite and anhydrite breccias east of 
the Braden Pipe (section 124N), and both west and east of 
the Teniente Dacite Porphyry (section 83N). 


Anhydrite Breccias 


Anhydrite is the dominant mineral in the matrices of many 
breccia bodies at El Teniente, often accompanied by biotite, 
tourmaline, quartz, gypsum, apatite, chalcopyrite, pyrite, 
bornite and rutile (Fig. 13C). Anhydrite breccias are 
commonly heterolithic, with clasts of both biotite-altered 
mafic rocks and felsic intrusive rocks, as well as igneous 
and tourmaline breccias, in a matrix that comprises as much 
as 20-30% of the volume of the breccia. Anhydrite breccias 
were formed after many of the biotite and igneous breccias, 
and commonly occur in areas that have been previously 
brecciated by biotite and igneous breccias. Veins containing 
anhydrite, biotite, quartz, feldspars and sulphide minerals 
surround these anhydrite breccias. According to Arredondo 
(1994), another generation of anhydrite breccias was 
emplaced in association with tourmaline breccias. These 
contain sericitised and silicified clasts, and are surrounded 
by veins containing tourmaline, anhydrite, quartz plus 
sulphide minerals. 


Anhydrite breccias are widely distributed in the deposit 
and are usually easily recognised and mapped (Fig. 4). In 
the Esmeralda sector of the mine, northeast of the Braden 
Pipe (400-600N, 1000-1200E), a 25 m wide zone of 
anhydrite breccia surrounds the igneous breccia (Morales, 
1997). They also occur, in association with biotite and 
igneous breccias in a large breccia complex east of the 
Braden Pipe (section 124N). Another large anhydrite-quartz 
breccia occurs north of the Braden Pipe, along the eastern 
margin of the Teniente Dacite Porphyry (section 83N). This 
breccia is monolithic, containing clasts of previously 
biotite-altered and mineralised mafic rocks, but not felsic 
rocks, suggesting it formed prior to the intrusion of the 
dacite porphyry (Arredondo, 1994). 


Tourmaline Breccias 


Tourmaline is an abundant component in the matrices of 
many breccias at El Teniente, including most prominently 
the Marginal Breccia of the Braden Pipe, and is 
accompanied by anhydrite, quartz, chalcopyrite, bornite, 
and pyrite (Figs. 4 and 13B). Occasionally biotite is present 
with tourmaline in the matrix of some of these breccias. 
Tourmaline breccias can be monolithic or heterolithic. 
Clasts in tourmaline breccias are silicified and sericitised, 
either completely or, if they are large, only along their 
borders, producing a characteristic bleaching, particularly 
in previously biotite-altered mafic clasts (Fig. 13B). 
Tourmaline breccias generate a stockwork of veins with 
cores of tourmaline, quartz, chalcopyrite, bomite and pyrite, 
and sericite and/or chlorite halos that bleaches the host rock 
(Fig. 15B). Tourmaline breccias can be either mineralised, 
such as the Marginal Breccia of the Braden Pipe, or barren. 
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The Marginal Breccia of the Braden Pipe (Fig. 4), dated 
by K-Ar as 4.7 Ma (Cuadra, 1986), is the largest tourmaline 
breccia in El Teniente. Other tourmaline breccias south of 
the Braden Pipe (near 500E, 7005; Figure 4) have vertical 
extents of over 1 km and their roots have not yet been 
intercepted. The matrices of these breccias are composed 
of tourmaline, anhydrite, biotite, chalcopyrite, bornite and 
molybdenite. Locally they contain copper grades of >6% 
and >1% molybdenum. Tourmaline breccias also occur 
with biotite, igneous and anhydrite breccias in the areas of 
high grade hypogene copper east and northeast of the 
Braden Pipe (sections 83N and 124N). Tourmaline breccias 
at El Teniente resemble those from Rio Blanco-Los Bronces 
(Serrano et al., 1996), such as the copper-rich Donoso 
(Warnaars et al., 1985; Skewes et al., 2003) and Sur-Sur 
(Vargas et al, 1999) tourmaline breccias, with respect to 
both their matrix mineralogy and associated veins and 
sericitic alteration. Both fluid inclusion and stable isotope 
data indicate that matrix minerals in these breccias 
precipitated from high-temperature magmatic fluids 
(Figure 16; Skewes et al., 2002). 


Rock-flour Breccias 


Some breccias, such as the central part of the Braden Pipe, 
have a matrix of small, finely ground («1 mm) fragments 
of minerals and rocks, in addition to cement consisting of 
anhydrite, biotite, quartz, tourmaline and/or copper 
sulphides (Fig. 13A). These breccias are heterolithic, 
containing clasts of previously biotite-altered mafic rocks, 
felsic intrusive rocks, and pre-existing breccias. The Braden 
Pipe contains fragments of all rock types recognised in the 
deposit, and some rocks not mapped in the mine area, which 
were presumably derived from concealed basement 
(Floody, 2000). Biotite or tourmaline is abundant as cement 
in the matrix of some rock-flour breccias, giving them a 
dark colour. In others, the rock-flour fragments are 
cemented by sericite and quartz, often with pyrite, and the 
matrix is light coloured, The presence of biotite-altered 
mafic rocks, felsic intrusive rocks and pre-existing breccia 
fragments indicates that these breccias were emplaced at a 
late stage of brecciation. The central rock-flour part of the 
Braden Pipe has been dated by K-Ar at 4.5 Ma (Cuadra, 
1986), and as 4.75 Ma by an 9 Ar/? Ar age (Fig. 7; Maksaev 
et al., 2002), both in sericite from altered rock fragments 
within the pipe. Rock-flour breccias have also been 
recognised and mapped in other areas of the deposit east, 
northeast and north of the Braden Pipe (Skewes et al., 2002). 


Alteration 


All rocks in the area of hypogene copper mineralisation at 
El Teniente show indications of multiple alteration events. 
Each alteration event responsible for emplacement of 
hypogene copper mineralisation has been accompanied by 
the development of a specific group of vein types spatially 
and temporally associated with the emplacement of 
different breccias and/or felsic intrusions. The intensity of 
alteration is generally related to the density of veins. 


The mafic intrusive rocks, which host 8096 of the hypogene 
copper mineralisation in the deposit, are the most affected 
by these multiple, superimposed alteration events. 
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Pervasive biotite alteration is the most widespread, affecting 
the mafic intrusive rocks in an area of roughly 2.7 by 2 km 
that coincides with the area of high copper grades 
(Villalobos, 1975). Secondary biotite, the most abundant 
alteration mineral in the deposit, occupies between 20 to 
more than 50 percent of the volume of the altered mafic 
rocks (Camus, 1975; Arévalo et al, 1998). Biotite alteration 
is the first major stage of alteration associated with copper 
mineralisation, and the stage upon which all subsequent 
alteration and mineralisation events are superimposed. It 
was preceded by a magnetite-actinolite alteration event, 
but neither sulphide minerals nor copper deposition are 
associated with this earlier stage of alteration. 


Biotite alteration of both the mafic rocks (Fig. 10) and felsic 
intrusions is related to emplacement of biotite breccias and 
veins, Early biotite veins, despite their importance, have 
received little attention, because they are difficult to 
recognise (Fig. 10B). They have often reopened and had 
other, later vein types form within them (Fig. 10A), and 
are commonly altered to chlorite and/or sericite. Drill core 
frequently fractures along thin biotite veins, masking their 
presence. 


Traditionally, four “stages” of alteration and hypogene 
mineralisation have been described at El Teniente; the Late 
Magmatic (Tardimagmatica), Principal Hydrothermal 
(Hidrotermal Principal), Late Hydrothermal (Hidrotermal 
Tardia), and Póstuma stages (Ojeda et a/., 1980; Cuadra, 
1986; Arévalo et al., 1998). Late Magmatic alteration has 
been characterised as “potassic” alteration associated 
spatially and temporally with intrusion of the Sewell 
Tonalite, tonalite porphyry apophyses and the Teniente 
Dacite Porphyry. Pervasive potassic alteration of the mafic 
rocks in the El Teniente mine is characterised by abundant 
biotite, chalcopyrite, Fe-oxides, and anhydrite, but with only 
minor amounts of K-feldspar. Biotite alteration has been 
considered an early event of Late Magmatic alteration. 
Typical Late Magmatic veins cut pervasively biotite-altered 
rocks, and contain quartz, anhydrite, potassium feldspar, 
biotite, chlorite, magnetite, apatite and sulphides, including 
chalcopyrite, pyrite, bornite and molybdenite (Fig. 15A). 
Although these typical Late Magmatic veins generally lack 
halos, earlier biotite veins have biotite-rich halos (Figs. 10B 
and 10D), and pervasive biotite alteration is related to the 
density of these early biotite veins. 


It is clear that biotite-alteration occurred in conjunction with 
multiple independent events, possibly over a period of time 
as long as >2 million years, from prior to, or in association 
with, the intrusion of the Sewell Tonalite at 7,1 Ma (Cuadra, 
1986), through the time of the intrusion of the later 
porphyries, which occurred until 4.8 Ma (Fig. 7). Other 
“stages” of alteration traditionally recognised in the deposit 
also have resulted from multiple independent events related 
to the emplacement of different breccias and felsic 
intrusions. Principal Hydrothermal alteration, for example, 
has been associated spatially with the Sewell Tonalite, 
tonalite porphyry apophyses and Teniente Dacite Porphyry, 
implying that this type of alteration also occurred over an 
extended period and at different times in different areas of 
the deposit. 
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Subsequent Late Hydrothermal alteration is best developed 
in a zone concentric to the Marginal Breccia of the Braden 
Pipe (Villalobos, 1975; Ojeda et al, 1980), but similar 
alteration also occurs surrounding other tourmaline breccias 
in the deposit (Arredondo, 1994), associated with latite ring- 
dykes around the Braden Pipe (Arévalo et al., 1998), and 
even in a tourmaline-cemented sector within the central 
rock-flour portion of the Braden Pipe (Floody, 2000). 
Available *9Ar/?Ar dating confirm the occurrence of 
multiple alteration events during the development of the 
deposit, with peaks near 5.3 Ma (equivalent to the 5.28 Ma 
U-Pb in zircon age of the Teniente Dacite Porphyry) and 
4.7 Ma (similar to the 4.82 Ma U-Pb zircon age of one 
latite ring-dyke) based on a statistical analysis of biotite 
and sericite dates, which range from 6.4 to 4.4 Ma (Maksaev 
et al., 2001, 2002). 


Veins and associated alteration assemblages within the 
central copper-rich portion of the deposit are described here 
in an approximate chronological sequence, similar to the 
“stages” of alteration traditionally described at El Teniente. 
However, it is important to stress that, as in the case of 
emplacement of different breccia types, different alteration 
assemblages and veims developed repeatedly during the 
formation of the deposit, and there is no simple 
chronological sequence of vein types and/or alteration 
assemblages. 


Magnetite-actinolite Alteration 


Magnetite-actinolite alteration, in association with 
magnetite-actinolite veins, is strongly overprinted by 
subsequent biotite alteration. Because of this, little is known 
about the distribution of magnetite-actinolite alteration at 
E] Teniente. In the mine, it affects mainly the gabbros, 
diabases and basaltic porphyry intrusions. It is observed 
only locally in the Sewell Diorite, and may have occurred 
in the mafic rocks prior to the intrusion of the felsic plutons. 
It has also been reported from various areas surrounding 
the mine (Floody and Huete, 1998). 


In the mafic rocks, magnetite and actinolite, or actinolitic 
hornblende, replaces clinopyroxene, usually 
pseudomorphically (Fig. 10C). Calcic plagioclase exhibits 
normal zoning and apparently has not been albitised, but 
may contain many tiny (<8 microns) magnetite and 
actinolite inclusions. Small amounts of chlorite associated 
with magnetite, epidote and subordinate amounts of quartz 
and anhydrite can also be present. Rocks affected by 
magnetite-actinolite alteration usually preserve original 
textures, are highly magnetic, and have low amounts of 
copper and few copper sulphide minerals. 


Magnetite breccias and associated magnetite-actinolite 
alteration in and surrounding El Teniente are similar to 
alteration associated with magnetite-actinolite breccias in 
the Río Blanco-Los Bronces copper deposit (Skewes et al., 
1994; Serrano ef al, 1996). This type of alteration has 
been attributed to high-temperature (350°C), highly saline 
fluids (Skewes ef al, 1994, 2002), which may be either of 
magmatic origin or connate formation waters. It is similar 
to the magnetite-amphibole-plagioclase alteration described 
by Arancibia and Clark (1996) in the Island Copper 
porphyry deposit in British Columbia, Canada, which 
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involved significant iron metasomatism by highly oxidising, 
high-temperature fluids. 


Biotite Alteration 


Biotite alteration, traditionally considered an early event 
of Late Magmatic alteration, and the first major stage of 
alteration associated with copper mineralisation, 
preferentially affects the mafic intrusions that host most of 
the copper mineralisation. The intensity of biotite alteration 
has obscured original petrologic characteristics of these 
mafic intrusions (Fig. 10D). Onginal textures of the biotite- 
altered mafic rocks often are nearly totally destroyed, and 
fine-grained biotite has replaced pre-existing mafic 
minerals, and in some cases plagioclase. Disseminated 
biotite is often associated with anhydrite, chlorite, 
magnetite, rutile, chalcopyrite and sometimes bornite. 
Magnetite is very abundant in zones of biotite alteration, 
but it is not clear how much magnetite was emplaced during 
the earlier magnetite-actinolite alteration, prior to biotite 
alteration, and how much is contemporaneous with biotite. 


Biotite alteration appears to be pervasive and have an 
isotropic distribution in most mafic rocks (Fig. 10A), but 
in fact is related to a dense stockwork of biotite veins, 
ranging from «0.5 millimetres (Fig. 10B) to several 
centimetres across, and with biotite-rich halos of variable 
width. The density of biotite veins is often so high that 
alteration halos overlap with each other and recognition of 
individual veins becomes difficult. The density of biotite- 
rich veins is greatest surrounding biotite breccias, where 
mafic rocks turn into a massive aggregate of secondary 
brown biotite. Here, recognition of the breccias themselves, 
and the distinction between breccias and surrounding 
biotite-altered mafic rocks, is often obscured by lack of 
mineralogic, textural and colour differences between the 
biotite-rich breccia matrix and intensely biotite-altered 
mafic clasts (Fig. 13D) and wall rocks surrounding the 
breccias. Intense biotite alteration occurs surrounding 
breccia complexes to the east and northeast of the Braden 
Pipe (sections 83N and 124N; Fig. 4). Biotites from the 
area of intense biotite alteration intruded by Porphyry A, 
east of the Braden Pipe (section 124N), have been dated 
by K-Ar as between 6.0 to 4.7 Ma (SERNAGEOMIN, 
1986), and “ArP?%Ar ages for biotite in various areas of the 
deposit range from 5.50 to 4.69 Ma (Maksaev et al., 2001). 


Biotite veins can consist exclusively of brown biotite and 
sulphide minerals, but others may also have green biotite, 
quartz, anhydrite, feldspar, chlorite, sericite, magnetite, 
rutile and apatite. These minerals may co-precipitate with 
biotite, or precipitate after biotite, when early formed veins 
are reopened by later hydrothermal fluids. Sequential 
fracture fillings produce concentric zoning, with an 
anhydrite, quartz, feldspar, chlorite and sulphide-rich centre, 
grading out to biotite (Fig. 10A). As the proportion of 
quartz, feldspar, chlorite and/or anhydrite increases, these 
veins are more readily recognisable in the mine and in drill 
core. Some biotite veins also have distinct grey halos of 
feldspar, quartz, anhydrite and lesser amounts of biotite 
(Fig. 12B). Sulphide minerals in biotite veins include 
chalcopyrite, with lesser bornite, pyrite and molybdenite, 
and these veins carry a significant part of the copper 
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mineralisation in the deposit. Biotite veins precipitated 
from highly saline, boiling and non-boiling magmatic fluids 
(Fig. 16), at depths of 1 to 3 km below the palaeosurface 
(Skewes et al., 2002). 


Although biotite alteration has traditionally been considered 
coeval with the emplacement of felsic intrusions, in general 
felsic plutons have only minor, local biotite alteration. In 
many places, it is clear that felsic intrusions cut pre-existing 
biotite breccias, veins and biotite-altered mafic rocks 
(Fig. 12). The Teniente Dacite Porphyry lacks biotite 
alteration. Biotite breccias occur on both flanks of this 
porphyry (section 83N; Fig. 4), and two generations of 
biotite formation are recognised in the mafic rocks in this 
area (Arévalo et al, 1998), suggesting multiple stages of 
biotite alteration preceding the intrusion of this porphyry. 
In other areas of the deposit, felsic intrusions are clearly 
altered by biotite veins and breccias (Fig. 13C). These 
relations imply that biotite alteration took place repeatedly 
over an extended time period in different areas of the 
deposit, in part preceding and in part subsequent to the 
emplacement of different felsic intrusions in the deposit 
(Fig. 7). 


Subsequent Late Magmatic Alteration 


Subsequent Late Magmatic alteration involved formation 
of veins of quartz, anhydrite, K-feldspar, biotite, chlorite 
and sulphide minerals, generally without halos, that cut, 
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but do not alter, the earlier formed pervasive biotite 
(Fig. 15A; Zuñiga, 1982; Arévalo et al., 1998). 
Distinguishing some of these veins from earlier biotite veins 
can be somewhat arbitrary, as the same minerals often fill 
the central portion of biotite veins. Most Late Magmatic 
veins are simply quartz, anhydrite and sulphide veins, 
without any biotite, internal zonation, or halos. Sulphide 
minerals in these veins are chalcopyrite, bornite, pyrite and 
molybdenite, and account for a significant part of the 
mineralisation in the deposit, particularly in the area near 
the Teniente Dacite Porphyry where bomite is abundant. 
Late Magmatic veins, like earlier biotite veins, precipitated 
from highly saline, high-temperature, magmatic fluids, both 
boiling and non-boiling (Kusakabe et al., 1984, 1990; 
Skewes et al., 2002). 


Principal Hydrothermal Alteration 


This alteration is characterised by destruction and 
replacement of pre-existing minerals by quartz and sericite, 
with lesser chlorite and anhydrite, in halos surrounding 
sulphide mineral-rich veins that also contain quartz, chlorite 
and anhydrite (Fig. 15B; Zuñiga, 1982). Chalcopyrite and 
pyrite are the main sulphide minerals, and bornite is absent 
from the Principal Hydrothermal alteration. Zuñiga (1982) 
described various Principal Hydrothermal veins. Within 
their halos, that vary from mineralogically homogeneous 
to zoned and/or banded, original plagioclase in mafic rocks, 
and feldspars and ferromagnesian minerals in felsic rocks, 
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Figure 16: Plot, modified after Skewes et al. (2001, 2002, 2003), of ۳۹۵ versus OD, in parts-per-mil, for hydrothermal fluids 
from which the minerals in the matrices of breccias at both El Teniente (stars) and Río Blanco-Los Bronces 
(diamonds) precipitated. The figure also shows the ficld for fluids that formed mincrals in veins related to different stages of 
alteration in both deposits (Kusakabe ct al., 1984, 1990), values for fresh and weakly altered igncous rocks from Rio Blanco-Los 
Bronces (circles; Holmgren ct al., 1988), the general ficld for magmatic water (Taylor, 1974), meteoric waters from central Chile 
(small squares; Kusakabe et al., 1984), and the global meteoric water linc (Craig, 1961). The figure illustrates the ۵ 
affinitics, and lack of a significant component of metcoric water, for the fluids that generated both breccias and alteration, including 
tourmaline breccias and associated scricitic alteration, in these two giant copper deposits in central Chile. 


are replaced by sericite, quartz and chlorite, and original 
igneous textures are generally destroyed. 


The intensity of this sericitic alteration is controlled by the 
density of veins and widths of their halos (Arévalo el al., 
1998). It can vary from absent to pervasive, producing 
rocks composed totally of sericite and quartz, with minor 
chlorite, anhydrite and sutphide minerals. This type of 
alteration is most intense in the upper levels of the deposit 
surrounding the Teniente Dacite Porphyry stock, at a 
distance of a few hundred metres from the stock. It is also 
strongly developed in the upper levels of the deposit 
surrounding the contacts of the Sewell Tonalite and the 
porphyritic tonalite apophyses to the east of the Braden 
Pipe (Arévalo et al, 1998). Deeper in the deposit, the 
intensity of Principal Hydrothermal alteration decreases. 
40A r/?? Ar ages for sericite from various areas of the deposit 
range from 6.35 to 4.39 Ma (Fig. 7; Maksaev et al., 2001). 


For Principal Hydrothermal veins, abundant vapour-rich 
fluid inclusions in quartz indicate boiling (Skewes et al., 
2002). Highly saline, halite-bearing inclusions occur, but 
are not common. Quartz in veins and sericite in the vein 
halos precipitated from fluids with magmatic 9!*O and 6D 
values, similar to the fluids from which Late Magmatic 
veins formed (Fig. 16; Kusakabe et al., 1990; Skewes et al., 
2002). 


Late Hydrothermal Alteration 


Late Hydrothermal veins contain quartz, tourmaline, 
anhydrite, sericite, chlorite, gypsum, carbonates, 
chalcopyrite, bornite, pyrite, molybdenite and tennantite- 
tetrahedrite, with minor scheelite, stibnite, galena and 
sphalerite. These veins tend to be thicker than those 
associated with the Principal Hydrothermal alteration 
(Zuñiga, 1982). They also have wider alteration halos 
characterised by an aggregate of quartz, sericite and 
chlorite, and the destruction of the original igneous texture 
of the rock. 


Late Hydrothermal alteration, the “tourmaline stage” of 
Howell and Malloy (1960), is spatially related to formation 
of the Braden Pipe, and in particular to the Marginal 
Breccia, a tourmaline-rich unit of the pipe. The Marginal 
Breccia contains clasts altered to the same quartz-sericite 
assemblage as produced by the Late Hydrothermal veins 
around the pipe (Fig. 13B). This alteration also affects the 
latite ring-dyke intrusions surrounding the pipe, forming a 
concentric ring 150 m wide around the pipe, within which 
bornite and tennantite are most abundant close to the pipe, 
zoning outwards to a greater abundance of chalcopyrite. 
Late Hydrothermal alteration also occurs in areas of the 
deposit where other tourmaline breccias have been 
emplaced, including in an area surrounding a large, strongly 
mineralised, tourmaline and anhydrite breccia complex 
south of the Braden Pipe (Fig. 4; Arévalo et al., 1998), and 
around tourmaline breccias cutting the Sewell Tonalite and 
associated with the tonalite porphyry apophyses east of the 
Braden Pipe. A front of tourmalinisation within the centra! 
rock-flour portion of the Braden Pipe also has 
characteristics similar to Late Hydrothermal alteration 
(Floody, 2000). As with Principal Hydrothermal alteration, 
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the extent of pervasive sericitic alteration associated with 
Late Hydrothermal veins decreases with increasing depth 
in the deposit. 


Abundant vapour-rich fluid inclusions, indicating boiling, 
occur in Late Hydrothermal veins (Skewes et al., 2002). 
Highly saline, halite-bearing inclusions occur, but are not 
common. 5'8O of the aqueous fluids that precipitated quartz 
in Late Hydrothermal veins is within the range of magmatic 
fluids and similar to the fluids from which both Late 
Magmatic and Principal Hydrothermal veins formed 
(Kusakabe et al., 1984, 1990). 


Póstuma Alteration 


Póstuma alteration, traditionally considered the last stage 
of hypogene alteration, is restricted to the central rock-flour 
breccia of the Braden Pipe. It affects both the clasts and 
rock-flour matrix, and played an important role in the 
consolidation of the pipe. Although Póstuma alteration 
clearly post-dates the formation of the central rock-flour 
part of the Braden Pipe, it may have preceded Late 
Hydrothermal alteration associated with the formation of 
the Marginal Breccia unit of the pipe (Floody, 2000). 
Secondary minerals associated with Póstuma alteration are 
sericite, calcite and chlorite, with disseminated pyrite, and 
locally chalcopyrite. Gypsum, carbonates, quartz, apatite, 
tennantite-tetrahedrite, sphalerite and galena also fill 
cavities in the pipe, including some very large openings 
containing euhedral gypsum crystals that are >4 m in length 
(Floody, 2000). 


Alteration Around the Deposit 


Alteration surrounding the zone of pervasive biotite-altered 
rocks has not been studied in detail, mainly because these 
rocks lack economic amounts of copper. A transition zone 
of alteration to green biotite and chlorite, in which the 
abundance of chalcopyrite decreases relative to pyrite and 
copper grades drop below 0.5%, occurs immediately 
adjacent to the deposit (Villalobos, 1975; Zuñiga, 1982). 
Altered rocks in this zone also contain quartz, anhydrite, 
sericite, plagioclase, sphene, apatite, tourmaline and 
abundant Fe-Ti oxides, including magnetite, rutile, ilmenite 
and leucoxene, and veins contain chlorite, anhydrite, quartz 
and pyrite. Camus (1975) considered the inner part of this 
transition zone, in which the igneous textures of the original 
mafic rocks have been significantly affected, to result from 
chloritisation of secondary biotite. Villalobos (1975), in 
contrast, considered the chlorite zone surrounding the 
deposit as a “basic front” beyond which iron-rich chlorite 
rather than biotite was the stable phase during Late 
Magmatic alteration. It is also possible that the chlorite 
alteration surrounding the deposit formed during the early 
magnetite-actinolite alteration within the deposit, but this 
has not yet been investigated. 


The outer limits of the chlonte zone may, possibly, grade 
into a propylitic zone (Villalobos, 1975; Camus, 1975; 
Zuniga, 1982), which has been characterised as the weak 
replacement of primary minerals by chlorite, magnetite, 
epidote and hematite, with subordinate amounts of 
tourmaline, sericite, quartz, calcite, siderite and pyrite. 
However, just as within the deposit, numerous small centres 
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of felsic intrusions, hydrothermal breccias and alteration 
zones, such as at Lagunas La Negra and La Huifa, Olla 
Blanca, Agua Amarga and other regional prospects (Fig. 3; 
Cuadra, 1986; Floody and Huete, 1998; Floody, 2000), 
occur in a region a few tens of kilometres wide surrounding 
the deposit, particularly to the north, and each of these 
centres has produced variable types and intensities of 
alteration and mineralisation. The outer limits of this zone 
are difficult to determine, because the regional metamorphic 
mineral assemblages in rocks of the Farellones and Coya 
Machali Formations have not been defined in this area. 


Supergene Alteration 


A zone of supergene alteration coincides with complete 
leaching of anhydrite and is mapped above the upper limit 
of the presence of anhydrite, which also corresponds to the 
deepest appearance of supergene chalcocite (Camus, 1975). 
Kaolinite, montmorillonite, alunite and sericite are the most 
abundant supergene alteration minerals. Original copper 
sulphide minerals have been replaced by limonite (goethite 
and jarosite) and hematite in the upper leached zone. A 
zone of copper enrichment 100 to 500 m thick, in which 
copper grades have locally doubled (Cuadra, 1986), 
underlies the leached zone. The upper part of the enriched 
zone, typically 80 m thick, is an oxidised zone with 
chrysocolla, malachite, azurite, cuprite, native copper and 
copper pitch (Zuñiga, 1982; Cuadra, 1986; Arredondo, 
1994). Below this oxidised layer, chalcocite ts the dominant 
supergene copper bearing mineral, partly replacing 
hypogene copper sulphide minerals (bornite and 
chalcopyrite), along with covellite, native copper and 
cuprite. The uppermost part of the supergene enrichment 
zone, including the oxidation layer, may have as much as 
15% copper (Zuñiga, 1982). 


Depth of penetration and intensity of supergene alteration 
is controlled by topography, as well as the location of the 
Braden Pipe and Teniente Dacite Porphyry, which affect 
the permeability of the rocks they intrude (Zuñiga, 1982). 
The supergene alteration zone is thickest in regions of 
highest topography east of the Teniente Dacite Porphyry 
and Braden Pipe, but supergene enrichment attains its 
greatest depth of penetration in the highly fractured area 
surrounding the dacite porphyry (section 83N; Fig. 4). 
Supergene enrichment on the flanks of the dacite porphyry 
(Fig. 5) has further contributed to the erroneous impression 
that this stock was the main source of copper mineralisation 
in El Teniente. 


Copper Mineralisation 


Most hypogene copper mineralisation occurs within the 
pervasively biotite-altered mafic intrusives of the deposit, 
with grades between 0.75 and 1.5% over a 2.7 by 2 km 
area (Fig. 5). Anomalous high copper grades of>1.5% are 
distributed irregularly surrounding the copper-poor cores 
of the Teniente Dacite Porphyry and Braden Pipe. High 
copper grades occur on both flanks of the dacite porphyry. 
In part, this is the result of supergene enrichment, which 
penetrated to below Teniente level 6 (2165 m above sea 
level) on the west side of the porphyry and to below 
Teniente level 5 (2284 m above sea level) on the east side 
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of the porphyry (section 83N; Fig. 4). However, it also 
reflects the presence of mineralised biotite and anhydrite 
breccias, which flank the area intruded by the dacite 
porphyry (Figs. 4 and 5). High hypogene copper grades 
are also found in various other areas where breccia 
complexes were emplaced. These occur to the east and 
northeast of the Braden Pipe as a NW-SE trending group 
of biotite, igneous, anhydrite and tourmaline breccias, in 
some cases intruded by apophyses of porphyritic tonalite 
(Fig. 4). They also occur to the south of the pipe, as a NE- 
SW-trending group of tourmaline and anhydrite breccias. 
In the Esmeralda sector of the mine (400-600N, 1000- 
1200E; Figs. 4 and 5), which is developed around just one 
group of breccias, there is an estimated 3.5 million tonnes 
of fine copper at an average grade of 1% (Morales, 1997), 
and there are more than 10 such breccia complexes 
identified to date in the deposit! A narrow zone of relatively 
high copper also occurs in the tourmaline-rich Marginal 
Breccia unit of the Braden Pipe, and some copper occurs 
within a tourmalinised part of the central rock-flour breccia 
of this pipe (>1 million tonnes with an average grade of 
1.16% Cu; small by El Teniente’s standards; Floody, 2000). 


Clearly, copper mineralisation at El Teniente was emplaced 
in a series of independent events. These events occurred 
over an extended period, from the time of biotite alteration, 
beginning prior to the crystallisation of the Sewell Tonalite, 
to the time of tourmalinisation after emplacement of the 
central part of the Braden Pipe. Molybdenite Re-Os ages 
indicate at least four distinct mineralisation events which 
span an approximately 2 million year period, at 6.3, 5.6, 
4.9 and 4.4 Ma (Fig. 7; Maksaev er al., 2001, 2002; 
Munizaga et al., 2002). However, the Re-Os ages are all 
for molybdenite associated with mineralisation in felsic 
rocks and they do not date the mineralisation in the mafic 
intrusive rocks, which host 8076 of the Cu in the deposit 
and into which the younger felsic rocks intrude. 
Furthermore, molybdenite appears in significant quantity 
relatively late in the paragenetic sequence of mineralisation 
in the deposit, and early copper-sulphides occur without 
molybdenite. Therefore, these ages are considered to 
represent only a minimum time span for mineralisation 
events in the deposit (Fig. 7). Significantly, although the 
6.3 and 4.9 Ma mineralisation ages do correspond to U-Pb 
in zircon crystallisation ages of felsic plutons in the deposit, 
the 5.6 and 4.4 Ma ages do not. Also, none of these four 
episode of mineralisation correspond with, nor are within 
+300 000 years of the 5.28 Ma U-Pb zircon crystallisation 
age of the Teniente Dacite Porphyry (Fig. 7), which has 
often been considered the “productive” pluton in the 
deposit, but ts clearly not. 


Chalcopyrite is the dominant copper sulphide mineral in 
the deposit. Concentric zonation of copper sulphide 
minerals around the copper-poor cores of both the Teniente 
Dacite Porphyry and Braden Pipe consist of a narrow 
bornite-rich (bornite > chalcopyrite) zone grading out into 
a broad chalcopyrite-rich (chalcopyrite >> bornite + pyrite) 
zone. Further outwards, where copper grades are less than 
0.5% (Fig. 5), is a pyrite-rich zone (pyrite >> chalcopyrite 
+ bornite; Howell and Molloy, 1960; Camus, 1975, Ojeda 
et al, 1980; Arévalo et al, 1998). Intrusion of both the 


copper-poor Teniente Dacite Porphyry stock and the Braden 
rock-flour breccia pipe during the last stages of 
development of the deposit truncated previously 
mineralised rocks, and the “barren” core of the deposit is 
simply superimposed, at a late stage, on previously 
emplaced copper mineralisation. Although intrusion of both 
the dacite porphyry and the Marginal Breccia unit of the 
Braden Pipe generated bomite-rich zones surrounding their 
borders, thereby producing the concentric zonation in 
sulphide mineral distribution, this zonation also post-dates 
the early emplacement of chalcopyrite, and 1s the result of 
telescoping of different events in the formation of the 
deposit. 


Osmium, and by implication other metals such as copper 
and molybdenum, are all derived from the magmas that 
formed the igneous rocks in the deposit. This is indicated 
by the similarity of '*’Os/!88Os ratios, which range from 
0.171 to 0,223, measured in chalcopyrite, sphalerite and 
bornite precipitated during different alteration stages in the 
formation of the deposit (Freydier e? al., 1997). If these 
metals had been derived from the surrounding country 
rocks, greater variability in the '®’Os/!8Os ratios would be 
expected. Lead isotope ratios, measured in galena 
)206۳/204 Ph=18.57, 20pp/20*pb—15.60, and €*Pb/??^pb 
738.49; Puig, 1988; Zentilli et al, 1988), also exhibit little 
variability, and lead isotopes are the same as the lead 
isotopic compositions of recent Andean volcanic rocks 
erupted in central Chile, implying that lead in these galenas 
was also derived exclusively from the igneous rocks in the 
deposit. Furthermore, these lead isotopic ratios, as well as 
the osmium isotopic ratios, which are more similar to mantle 
(0.13) than crustal (771.0) values, indicate that these metals, 
and the magmas they were derived from, formed in the 
sub-Andean mantle contaminated by the subduction of a 
small amount of pelagic and terrigenous sediment, and 
continental crust tectonically eroded off the continental 
margin. A calculated total sulphur isotopic composition 
%o**8 of +4.5 per mil (Kusakabe et al., 1984) is also similar 
to %o*4S values of non-mineralised Andean granitoids, 
which range from +3.3 to +6.1 per mil (Sasaki et al., 1984), 
and these are in turn similar to Japanese granitotds generated 
from mantle contaminated by subducted marine sulphur. 


Discussion 
Magmatic Evolution of the Deposit 


Prior to uplift and erosion this giant deposit contained 
2100x105 tonnes of Cu (Skewes and Stern, 1995). It would 
require a minimum volume of >300 km? of magma with 
100 parts-per-million (ppm) Cu to supply this quantity of 
Cu ore, even if the extraction of Cu from the magma by the 
exsolution of saline magmatic fluids was 100% efficient, 
which it 1s not. Therefore the minimum volume of magma 
must have been significantly larger. A volume of >600 kn» 
would be consistent with the 60 km? of magma, with 
62 ppm Cu, calculated to have produced the 6x105 tonnes 
of Cu in the Yerington deposit in Nevada (Cline and Bodnar, 
1991). 


The very small volume of the Teniente Dacite Porphyry, 
<<10 km, precludes this late, weakly mineralised felsic 
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stock from being the “productive” pluton in the deposit. 
In fact, mafic igneous rocks are volumetrically more 
significant that felsic rocks in the vicinity of El Teniente 
(Figs. 4 and 8B). Mafic igneous intrusive rocks host the 
El Teniente deposit, and after an episode of intrusion of 
felsic plutons between 7.1 and 4.8 Ma, intermediate dykes 
and mafic lavas were again emplaced in and surrounding 
the deposit (Fig. 7). This is consistent with the dominantly 
mafic nature of Andean magmatic activity, which is 
generated by melting in the mantle wedge above a 
subducting, dehydrating slab (Hildreth and Moorbath, 1988; 
Stern er al, 1990). Even during the period when felsic 
plutons intruded the mafic intrusive rocks that host the 
deposit, volatile-rich mafic magmas continued to be 
generated in the sub-arc mantle and rise into the crust, as 
indicated by the intrusion of mafic Porphyry A (Fig. 7) into 
the Sewell Tonalite between 6.6 and 6.0 Ma. Other mafic 
magmas may have mixed with or underplated magmas in 
the deeper parts of the evolving magma chamber below 
the deposit, rather than reaching the surface. This process 
of open-system behaviour has been well demonstrated for 
magma chambers below many active and ancient volcanoes 
(Sparks et al., 1977; Hildreth, 1981; Pallister et al., 1996). 


In general mafic magmas contain more Cu than felsic 
magmas, as well as much more S, Fe and Ca, all of which 
occur in anomalous concentrations at El Teniente. Mafic 
magmas emplaced into the base of an evolving, open- 
system magma chamber provide heat to allow this chamber 
to grow and intrude to higher levels in the crust, and they 
also supply water and sulphur (Hattori, 1996; Pallister et al., 
1996, Kress, 1997; Candela, 1997; Hattori and Keith, 2001), 
as well as copper, iron, boron, osmium and other elements 
derived from the sub-arc mantle, to felsic magmas forming 
near the top of the chamber that otherwise might be poor 
in sulphur (Nagashima and Katsura, 1973) and chalcophile 
elements. Evidence for open-system behaviour involving 
mixing of mafic and felsic magmas during evolution of 
Andean copper deposits has been presented by Cornejo 
et al., (1997) and Rowland and Wilkinson (1998). 


We propose that El Teniente formed above a large open- 
system magma chamber (Fig. 17), fed by mantle-derived 
mafic magmas, that persisted for the >2 million year time 
period of the multiple episodes of breccia emplacement 
and mineralisation that formed the deposit (Fig. 7). This 
magma chamber was cooling at >4 km below the 
palaeosurface. This is implied by the fact that the larger 
breccias in El Teniente are rooted >2 km below the current 
surface, below the deepest exploration drill holes that reach 
800 metres below the lowest level of mine operations, and 
because >1 km of erosion has likely occurred since the last 
episodes of breccia emplacement and mineralisation at 
4.4 Ma (Fig. 7; Skewes and Holmgren, 1993). El Teniente 
formed above the roof of this long lived, open-system 
magma chambers during dynamic conditions of crustal 
uplift and erosion (Stern and Skewes, 1994). As mafic 
mantle-derived magmas replenished the base of the open- 
system magma chamber, exsolution of sulphur and metal- 
rich aqueous brines and vapour from the crystallising upper 
part of the chamber produced brecciation, alteration and 
mineralisation of the roof rocks above the chamber 
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(Burnham, 1985; Cloos, 2001). During the multistage 
development of the El Teniente deposit, exsolution of 
magmatic-hydrothermal fluids created first the early biotite, 
igneous and anhydrite breccia complexes and associated 
pervasive biotite alteration and copper mineralisation. 
Subsequently, tourmaline, anhydrite and rock-flour 
breccias, both mineralised and barren, were emplaced in 
association with sericitic alteration as well as the addition 
and redistribution of copper mineralisation. 


Eventually, the magma chamber cooled and crystallised to 
form the felsic magmas that produced the Sewell Tonalite, 
porphyritic felsic apophyses, and ultimately the Teniente 
Dacite Porphyry and latite dykes. The cooling and 
crystallisation of this chamber occurred as the input of 
mantle-derived mafic magma into the base of the magma 
chamber below the deposit decreased, from late Miocene 
to Pliocene, due to the progressive decrease in subduction 
angle that ultimately lead to the eastward migration of the 
locus of Andean magmatic activity (Stern, 1989; Skewes 
and Stern, 1994, 1995; Stern and Skewes, 1995, 1997). The 
youngest felsic porphyry stocks - the Pliocene Teniente 
Dacite Porphyry and latite dykes - that intruded the already 
biotite-altered and mineralised mafic rocks in the deposit, 
contained less input of sulphur and copper from mantle- 
derived mafic magmas, and were copper-poor. These small, 
late felsic dykes and stocks cut and redistributed previously 
emplaced copper mineralisation, but were not the main 
source of the copper in this deposit. 


A significant temporal chemical trend that is observed 
among igneous rocks related to the deposit is towards higher 
875/865۲ and lower '*Nd/1**Nd ratios (Fig. 9). The 
youngest, most radiogenic rocks in the region are the post- 
mineralisation intermediate andesite dykes and basaltic 
andesite lavas in the Cachapoal River valley (Fig. 9). 
Therefore, this temporal trend is independent of the SiO, 
content of the rocks, and is likely the result of progressively 
greater contamination of their mantle source by subducted 
sediments and continental crust due to the decrease in angle 
of subduction prior to the eastward migration of the arc 
(Stern, 1989, 1991, 2001; Stern and Skewes, 1995, 1997). 
The isotopic data for both igneous rocks and ore minerals 
associated with E] Teniente do not support the involvement 
of continental crust in the formation of the deposit other 
than those continental components subducted into the 
underlying sub-arc mantle magma-source region. 


Similar isotopic changes also occurred during the 
development of the other giant copper deposits in central 
Chile (Fig. 6). The southwards temporal migration of these 
changes reflects the southward migration of the locus of 
subduction of the Juan Fernandez Ridge (Stem and Skewes, 
1995; Yáñez et al., 2001, 2002), and the timing of formation 
of El Teniente and other giant copper deposits in central 
Chile was clearly related to the late Miocene changes in 
subduction geometry that accompanied subduction of the 
ridge (Skewes and Stern, 1994, 1995). Ridge subduction 
also enhances rates of tectonic erosion of the continental 
margin and the subduction, into the mantle source region 
of Andean magmas, of both terrigenous and pelagic 
sediments (Stern, 1991), and presumably also water and 


chlorine, which are of fundamental importance in the 
removal of Cu from crystallising magmas and its transport 
and deposition in the crust. 


The La/Yb ratios of the more mafic rocks associated with 
the deposit also increase, but only approximately two-fold, 
from S5 in the early Miocene Coya-Machali volcanic rocks, 
to <8 in the late Miocene gabbros, diabases and basaltic 
porphyries in the mine, to «10 for the Pliocene basaltic 
andesite lava flows in the Cachapoal River valley (Fig. 8A). 
This change may reflect a decrease in tbe degree of partial 
melting of the mantle as the subduction angle decreased 
prior to eastward arc migration (Stern, 1989, 1991; Stem 
and Skewes, 1995). Kay er al., (1999) and Rabbia et al., 
(2000) suggest that the high La/Yb values for felsic rocks 
related to the deposit imply a shift to fractional 
crystallisation or melting in the deeper crust, involving 
garnet rather than amphibole. However, these high ratios 
can also be explained by fractionation of minor and trace 
mineral phases within and extraction of saline magmatic 
fluids from the roof of a shallow crustal magma chamber 
during the final stages of its solidification. This is consistent 
with the very small relative volume of the late Teniente 
Dacite Porphyry and other small felsic stocks (Fig. 8B). 


Genesis of the Deposit 


Formation of the giant El Teniente deposit began with 
intrusion of a mafic complex, with the form of a laccolith, 
into extrusive rocks of the Miocene Teniente Volcanic 
Complex (Fig. 174). The centre of this mafic laccolith, 
more than 2000 m thick, is presumably located over its 
feeder dykes, as well as where the Sewell Tonalite and 
Teniente Dacite Porphyry subsequently intruded and the 
copper deposit ultimately was developed. What focused 
magmatism and mineralisation in such a specific area over 
an extended period of time remains a fundamental question 
in understanding why giant deposits develop in some 
locations in the Andes, but most plutons in the extensive 
Andean batholiths are barren. Important N-S, NE-SW and 
NW-SE crustal structures intersect at the deposit, and in 
the active southern Andean arc, the largest long-lived 
(71 million years) magmatic systems, producing giant, 
>10 km in diameter calderas, such as the Maipo caldera at 
34°S (Stern et al.,1984), Calabozos caldera at 36°S 
(Hildreth ef a7.,1984), Copahue caldera at 38°S (Muñoz 
and Stern, 1988), and Puyehue caldera at 40°S (Gerlach 
et aL, 1988), also all occur where the generally N-S trending 
Andean arc is intersected by NW-SE arc segments (see 
Figs. 1 and 2 in Muñoz and Stern, 1988). 


After formation of the mafic laccolith that hosts the deposit, 
magnetite-actinolite alteration occurred as the result of 
circulation of either magmatic fluids or connate formation 
water. This pre-mineralisation stage of alteration is poorly 
constrained, but involved the emplacement of breccias and 
associated stockwork vein systems, and significant iron 
metasomatism, and was clearly not merely auto- 
metamorphism or uralitisation. 


Subsequently, multiple biotite breccia complexes, 
associated biotite veins, pervasive biotite alteration and the 
first stage of copper mineralisation developed above the 
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7.1- 5.6 Ma 
Sewell Tonalite, Porphyry A, and Cu-rich biotite, igneous 
and anhydrite breccias emplaced 


6 Ma Paleosurface 


Reduced input of 
mantle-derived mafic mac 


4.9-4Ma 

Emplacement of the central rock-flour and the Cu-rich 
Marginal tourmaline breccias of the Braden Pipe, other 
tourmaline and rock-flour breccias, and latite dikes 


4 Ma Paleosurface 


Figure 17: Schematic illustration of the sequential stages in the development of the El Teniente deposit (as described in the text). 


Colours of rock units are essentially the same as in Figures 3 and 4, with green representing both Teniente Volcanic Complex (TVC) and 
Coya-Machali (CMV) volcanic rocks, grey the mafic laccolith, pink the Sewell Tonalite, red for Porphyry A, yellow the Teniente Dacite 
Porphyry and latite dykes, triangles for biotite breccias, blue for anhydrite breccias, and brown for the Braden Pipe. For simplicity, neither 
igneous nor tourmaline breccias are depicted. 
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evolving open-system magma chamber (Fig. 17A) that 
ultimately crystallised to form the Sewell Tonalite 
(Fig. 17B). This tonalite, and younger porphyritic mafic 
(Porphyry A) and felsic apophyses, intruded these breccias 
and the biotite-altered and copper-mineralised mafic rocks, 
beginning possibly as early as 7.1 Ma (Cuadra, 1986), and 
certainly before 6.6 Ma (Maksaev et al., 2001). Biotite, 
igneous and anhydrite breccias also continued to form and 
contribute copper to the system even after the crystallisation 
of the Sewell Tonalite, to at least 4.7 Ma (Maksaev et al., 
2002). Some of these breccias cut the Sewell Tonalite, 
implying the continued persistence as the source of 
mineralising fluids of the deep open-system magma 
chamber below the evolving deposit. The main group of 
these breccia complexes, which are the areas of highest 
grade hypogene copper in the deposit (Fig. 5), are located 
east and northeast of the Braden pipe, along a NW-SE trend 
that parallels or is within the Puquios/Codegua fault zone 
(Figs. 3 and 4). Other biotite brecctas also formed west of 
the area later intruded by the Teniente Dacite Porphyry 
(section 83N; Fig. 4), and presumably in the area cut by 
the Braden Pipe, because this breccia contains abundant 
clasts of previously biotite-altered mafic rocks (Fig. 13B). 


The youngest porphyry intrusions, including the Teniente 
Dacite Porphyry and latite dykes, are associated in time 
with the emplacement of both mineralised and 
unmineralised tourmaline, anhydrite and rock-flour 
breccias, and sericitic alteration in the upper levels of the 
deposit between 6.4 and 4.4 Ma (Figs. 17C and 17D; 
Maksaev et al., 2001). One group of these breccias occurs 
south of the Braden Pipe, along a NE-SW trend paralleling 
the strike of the Teniente fault zone (Figs. 3 and 4). The 
largest tourmaline and rock-flour breccias is the Braden 
Pipe (Fig. 17D). This pipe clearly formed in multiple 
stages, although the exact chronology is difficult to 
determine. The central rock-flour part of the pipe contains 
clasts of both latite and tourmaline breccia, and this central 
part is surrounded by the tourmaline-rich Marginal Breccia 
and latite ring-dykes. Howell and Molloy (1960) suggested 
that the Marginal Breccia formed first, and then the central 
part of this tourmaline breccia was obliterated by the 
emplacement of rock-flour breccia. Floody (2000) has 
suggested that the rock-flour breccia formed in an area 
where earlier tourmaline breccias had been emplaced, but 
that the Marginal Breccia formed after the central rock- 
flour unit, by tourmalinisation of the fractured wall 
surrounding the rock-flour breccia pipe. Tourmalinisation, 
and associated mineralisation, has also affected the central 
rock-flour portion of the pipe (Floody, 2000). Whatever 
the chronology, it is clear that, like the deposit itself, 
formation of this single large and complex breccia pipe 
involved multiple intrusions of latite, tourmaline and rock- 
flour breccias, and cannot be explained by the simple step- 
wise intrusion of first latite, then tourmaline breccia and 
finally rock-flour breccia. 


Fluid inclusion and stable isotope data indicate that at El 
Teniente, the change in the nature of alteration effects, from 
early and/or deep biotite alteration, to later and/or shallower 
sericitic alteration, apparently did not involve the input of 
significant amounts of meteoric water into the deposit 
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(Fig. 16; et al, 1984, 1990; Skewes et al., 2001, 2002). 
Although the influx of meteoric water has been invoked to 
explain sericitic alteration in many porphyry copper 
deposits (Hedenquist and Lowenstern, 1994), it was not 
the fundamental cause of this type of alteration in El 
Teniente. This temporal shift in alteration effects is 
associated with the appearance of tourmaline rather than 
biotite breccias. This shift was possibly caused by changes, 
from mafic to more felsic, in the chemistry of the magmas 
from which the fluids that formed these different breccia 
types exsolved. Alternatively, temporal changes may have 
occurred in the depth and nature of the fluids exsolved from 
these magmas. 


In El Teniente, as well as in the other giant copper deposits 
in central Chile, early biotite breccias and biotite alteration 
formed from fluids exsolved from deeper magma chambers, 
while later tourmaline breccias and sericitisation resulted 
from fluids derived from shallower magma chambers, due 
to both progressive uplift and erosion (Skewes and 
Holmgren, 1993), and the progressive intrusion of younger 
plutons to higher levels in the deposit. Biotite breccias 
and alteration may have formed from saline brines exsolved 
from magmas under lithostatic conditions, at sufficiently 
high pressures to prevent either extensive boiling or 
simultaneous exsolution of an immiscible vapour phase 
(Cline and Bodnar, 1994). 


As high pressure lithostatic conditions gave way to later 
lower pressure hydrostatic conditions, due to a combination 
of uplift and erosion, and also progressive fracturing in the 
later stages of development of the deposit, simultaneous 
exsolution of brine and immiscible vapour phase may have 
occurred from the same magma chambers that previously 
had exsolved only brines. This would increase the amount 
of vapour formed, and the extent of mixing between saline 
brines and condensed vapours, thereby increasing the 
potential for sericitic alteration (Skewes et al., 2003). 


Most copper mineralisation in the deposit was emplaced 
as chalcopyrite during the early stage of pervasive biotite- 
alteration of mafic host rocks, associated with the 
emplacement of biotite breccias and veins. Both 
enrichments and depletions in the nearly uniform, original 
copper distribution appear to be the result of subsequent 
magmatic-hydrothermal events. Intrusion of mineralised 
igneous, anhydrite and tourmaline breccia complexes to 
the east, northeast and south of the Braden Pipe added 
copper to the deposit to produce localised areas of high 
(71.576) copper grade (Fig. 5). Emplacement of both the 
Teniente Dacite Porphyry and the central rock-flour unit 
ofthe Braden Pipe truncated previously pervasively biotite- 
altered and copper-mineralised rocks in the areas now 
occupied by their barren cores, and in the case of the dacite 
porphyry, concentrated copper in a bornite-rich zone on 
the flanks ofthe porphyry. Emplacement ofthe tourmaline- 
rich Marginal Breccia of the Braden Pipe contributed copper 
to the deposit, and Late Hydrothermal alteration related to 
this breccia created a bomite-rich zone surrounding the 
barren core of the pipe. Finally, supergene enrichment 
further enhanced copper grades, particularly on the flanks 
of the dacite porphyry (Fig. 5). 
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Classification of the Deposit 


A barren, or copper-poor core, is a characteristic of many 
copper porphyry deposits (Lowell and Guilbert, 1970). 
However, in El Teniente, the barren core was clearly 
produced at a late stage, when the copper-poor Teniente 
Dacite Porphyry and Braden rock-flour breccia pipe were 
emplaced into previously biotite-altered and mineralised 
rocks (Fig. 17). Concentric zoning of bornite > chalcopyrite 
> pyrite surrounding the barren cores of the Teniente Dacite 
Porphyry and Braden Pipe, which Howell and Molloy 
(1960) cited as the typical “circular configuration” of 
mineralisation “arrayed concentrically around a common 
centre" characteristic of“a model porphyry copper deposit”, 
is, in El Teniente, actually just an artefact of the late 
intrusion of these copper-poor bodies into the previously 
pervasively biotite-altered and mineralised mafic rocks, 
within which chalcopyrite is the dominant sulphide. This 
concentric zoning reflects only the multistage development 
of the deposit rather than a temperature gradient or fluid- 
rock alteration pattern surrounding a single felsic porphyry 
intrusion. 


In contrast to porphyry deposits. Howell and Molloy (1960) 
note that in some copper deposits the orebody itself occuptes 
the central core, and specifically that “the mineralised 
breccia deposits belong to this group” and “strictly 
speaking, many of them cannot be classified as porphyry 
copper.” We agree 100% with the implications of this 
comment with regard to El Teniente. Although copper 
porphyry deposits commonly contain breccias, El Teniente 
is clearly an enormous magmatic-hydrothermal breccia 
deposit. Classification of El Teniente as either a giant 
copper “porphyry” or “breccia” deposit may be considered 
by some to be largely a semantic problem, but if this 
classification has genetic significance, it becomes an 
important distinction, and it is clear that El Teniente is a 
breccia deposit, El Teniente may have many aspects of a 
porphyry deposit, including the presence of porphyritic 
igneous rocks, large tonnage, potassic and sericitic 
alterations zones associated with stockwork veins, and 
concentric zonation of copper sulphide minerals around a 
barren core. However, most of these key features, in 
particular the deposition of the large amount of copper and 
the barren core, are directly related to multiple breccias in 
the deposit. 


El Teniente has much in common with the other two giant 
copper deposits in central Chile, Los Pelambres and Rio 
Blanco-Los Bronces (Fig. 1; Skewes and Stern, 1994, 
1995). Their Miocene and Pliocene ages, large tonnage, 
and the presence of multiple mineralised biotite, igneous, 
anhydrite, and tourmaline magmatic-hydrothermal breccias 
in each deposit are the most obvious similarities. One 
important difference, however, is that in both Los Pelambres 
and Rio Blanco-Los Bronces, biotite breccias and veins in 
the central zone of potassic alteration and high-grade copper 
were emplaced in felsic plutonic rocks, and these biotite 
breccias and veins are easily recognised and mapped. High 
copper content in Los Pelambres has been correlated 
directly with the density of biotite veins (Atkinson et al., 
1996), and in Rio Blanco-Los Bronces with the presence 


of biotite breccias, veins and alteration in and surrounding 
the central Rio Blanco breccia complex (Serrano et al, 
1996). In El Teniente, the rocks cut by biotite breccias and 
veins are themselves dark coloured, biotite-altered mafic 
intrusions. The biotite breccias and veins lack colour and 
mineralogic contrast with their host rocks, and they have 
not been recognised and mapped until recently. 


Furthermore, in the Rio Blanco-Los Bronces deposit, the 
multiple mineralised breccias are distributed over a >6 x 2 
km zone, and many of the late, large tourmaline-rich 
breccias, such as Donoso (Skewes et al., 2003) and Sur- 
Sur (Vargas el al., 1999), and rock-flour breccias such as 
La Americana, flank the central biotite-altered zone 
associated with the Rio Blanco breccia complex (Serrano 
et aL, 1996). This makes the multiplicity of independent 
events that formed this deposit relatively clear. In El 
Teniente, the multiple breccias are more closely spaced, in 
a 2 x 2.7 km area, and the enormous copper-poor Braden 
rock-flour breccia pipe, as well as the tourmaline-rich 
Marginal Breccia of this pipe, occur directly in what has 
been considered the centre ofthe deposit. This has resulted 
in concentric zonations in copper content and sulphide 
mineral distribution that have obscured the association of 
high-grade hypogene copper with early biotite breccias, 
veins, and pervasive biotite alteration. In Río Blanco-Los 
Bronces, where late tourmaline and rock-flour breccias, and 
dacite porphyries, were emplaced along the margins of the 
Río Blanco breccia complex, this concentric zonation does 
not occur. 


From both a genetic and exploration point of view, these 
three giant deposits are all better considered megabreccia 
deposits, not porphyry deposits. The Los Bronces breccia 
deposit, for example, with >10 million tonnes of fine 
copper, does not include a single porphyry stock (Warnaars 
et al., 1985; Skewes et al, 2002). The larger Río Blanco- 
Los Bronces deposit does, but as in El Teniente, these are 
late, copper-poor intrusions that have redistributed, rather 
than contributed, copper to the system. Such porphyries 
may focus later supergene alteration by creating fractures 
and enhanced permeability around their margins. However, 
they do not themselves provide evidence for the possible 
extent of hypogene mineralisation in a megabreccia deposit 
such as El Teniente or the other giant deposits in central 
Chile. 


Therefore, the suggestion of Howell and Molloy (1960) 
that felsic porphyries should be the main target in the 
exploration for Andean deposits needs to be reconsidered 
as a primary exploration strategy, at least in the Andes of 
central Chile. 
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A REVIEW OF THE GEOLOGY AND MINERALISATION OF THE 
ALUMBRERA PORPHYRY COPPER-GOLD DEPOSIT, 
NORTHWESTERN ARGENTINA. 


Steve C. Brown 
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Abstract - The Bajo de la Alumbrera porphyry copper-gold deposit is located within the northern Sierras 
Pampeanas in the eastem Andes Mountains of northwestern Argentina. It formed in a tectonically favourable 
location within a major arc-oblique wrench fault system, the Tucumán Transfer Zone. Initial andesitic volcanism 
deposited on crystalline Lower Palaeozoic basement, and subsequently emplaced dacitic subvolcanic stocks 
are directly related to eastward subduction of the Nazca oceanic plate beneath the western continental margin 
of South America. Structural preparation and shallowing of the angle of subduction of the Nazca plate - 
related to the arc-normal Juan Femández Ridge on that plate - probably aided the ascent of calc-alkaline 
oceanic arc-related magma into the Tucumán Transfer Zone. 


The commencement of volcanism was approximately coincident with the shallowing of the angle of subduction 
beneath the northern Sierras Pampeanas. Intrusion of the mineralised porphyries was contemporaneous with 
the development of thick-skinned shortening which produced uplift of the Sierras de Aconquija basement 
block to the southeast at between 10 and 5 Ma. Structural degradation of the crystalline basement brought 
about by the development of a broad asthenospheric wedge above the descending Nazca plate, aided the 
development of block uplift caused by generally east-west shortening at that time. 


Ar-Ar dating of the various mineralised intrusive phases indicates intrusive activity lasted for approximately 
270 000 years. The upper age of mineralisation is interpreted to be at the onset of feldspar destructive alteration 
(phyllic-argillic styles) at 6.75 3: 0.09 Ma. The presence of an apparently older, unmineralised phase (the Los 
Amarillos Porphyry - LAP) adjacent to the mineralised porphyries suggests that the evolution from unmineralised 
to mineralised magma may have been quite rapid. However, due to the highly altered nature of the LAP, no 
clear genetic relationships have been established between these porphyries. 


Mineralisation was focussed on the intrusive centre and the surrounding andesitic host rocks. Reconstruction 
of the original geometry of the deposit indicates that the cluster of porphyry stocks and dykes that define the 
intrusive centre formed a sub-circular body with a diameter of around 500 m, while the overall dimensions of 
the mineralised system (at greater than 0.15% Cu) was approximately 800 x 800 m. The vertical dimension of 
the mineralisation is less easily measured, but was probably in the range of 800 to 1000 m. Approximately 
3.36 million tonnes of copper and 409 tonnes of gold were deposited within this volume. 


Fluid inclusion studies indicate that deposition of mineralisation seems to have been strongly controlled by 
cooling of the mineralising fluids, with sulphide phases being formed as the fluid cooled below a 400 to 360°C 
temperature threshold. 


Mineralisation was accompanied by the near simultaneous formation of quartz-magnetite and potassic alteration 
in the porphyries and potassic alteration of the adjacent andesites. An unmineralised propylitic halo developed 
in the andesites beyond the limit of potassic alteration. Feldspar destructive (phyllic + argillic) alteration post- 
dated the mineralisation and probably formed in response to degradation of the thermal plume and consequent 
induction of increasingly acidic phreatic water into convection cells adjacent to the intrusives. Feldspar 
destructive alteration is usually accompanied by decreasing grade, suggesting that at Alumbrera this alteration 
stage remobilised and removed mineralisation. 


Structural rotation of the northern Sierras Pampeanas during the Upper Miocene to Lower Pliocene resulted in 
the reactivation of earlier structures in a transpressional regime that caused dismemberment of the porphyry 
mineralisation at Alumbrera. Strong alteration ofthe earliest ofthe major faults suggests that structural disruption 
occurred during the development of feldspar destructive alteration, and may have been responsible for the 
termination of this alteration event. Subsequent movement resulted in displacement of the ore blocks across 
both normal and reverse fauits. 


Active uplift of the Sierras Pampeanas and consequent rapid erosion prevented the development of significant 
secondary oxide or supergene mineralisation at Alumbrera. 


115 


E Oro dum ed د‎ eon Ri ob os 


116 South America 


Introduction 


The Bajo de la Alumbrera porphyry copper-gold deposit 
(subsequently shortened to “Alumbrera”) is located in 
Catamarca Province in the northwest of Argentina. It lies 
145 km to the northwest and 150 km southwest of the 
Provincial capitals of Catamarca and Tucumán respectively. 


The exploration and mining rights to the deposit are owned 
by Yacimientos Mineros Aguas de Dionisio (YMAD), a 
statutory corporation representing the provincial 
government of Catamarca, the University of Tucumán and 
the Argentine National Government. YMAD has a joint- 
venture agreement with Minera Alumbrera Limited (MAA) 
to mine the deposit. At the time of writing, Minera 
Alumbrera’s shareholders were Xstrata ple (based in 
Switzerland) 50%, Wheaton River Minerals Ltd. 37.5 % 
and Northern Orion Resources Inc, 12,5 %. The latter two 
are both Canadian mining companies. MAA is managed 
by Xstrata Copper. 


Discovery History 


Mineralisation was first recognised at the site of the 
Alumbrera deposit by Mr Abel Peirano, who worked with 
the Tucumán National University between 1938 and 1945. 
Additional research was subsequently undertaken by 
G Gecione of the University of Tucumán during 
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Figure 1: Location Map. The Alumbrera mine is located in Catamarca 
Province, northwestern Argentina. Concentrate is transported 
to Cruz del Norte near Tucumán by a 316 km slurry pipcline and 
then by rail to port facilitics at San Martin on the Rio Paraná 
near Rosario. 
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reconnaissance exploration that lasted unti! 1949. Sporadic 
investigations continued until the early 1960s. Geochemical 
sampling by Mazetti and Sisters in 1968 helped classify 
the deposit as belonging to the porphyry copper style of 
mineralisation. Geological investigations by various 
workers continued intermittently during the 1970s and 
1980s, with significant contributions being made by 
researchers from the University of Arizona under the 
direction of Dr J Guilbert. Chief among these was a study 
by Stults (1985) who undertook a detailed investigation of 
the alteration and mineralisation of the deposit, including 
fluid inclusion microthermometry. Important aspects of 
this and other studies are captured in Guilbert (1995). 
Sporadic exploration of the deposit for commercial 
purposes had been undertaken by YMAD (a state mining 
entity) since 1967. In early 1993, International Musto 
Exploration Ltd negotiated access to the deposit with 
YMAD and commenced a focussed exploration program. 
In February 1994, a 50/50 Joint venture was negotiated 
between Musto and MIM Holdings Limited of Australia, 
and Minera Alumbrera Limited was created to manage the 
exploration and eventual operation of the deposit. 
Exploration and preliminary development continued until 
the commencement of processing operations in September 
1997. 


Resources and Production 


The porphyry copper-gold deposit at Bajo de la Alumbrera 
contains economic mineralisation which has produced over 
1.46 million tonnes of copper in concentrate and 201.55 
tonnes (6.48 Moz) of gold in concentrate and doré since 
commencement of processing operations in September 
1997. This represented 220 million tonnes (Mt) of treated 
material at an average grade of 0.66% Cu and 0.86g/t Au. 


Remaining resources and reserves (including stockpiled 
material) at the end of 2004 were 404 million tonnes at 
average grades of 0.47% Cu and 0.51g/t Au. Of this, the 
reserves at 31 December 2004 were 374 Mt at 0.48% Cu 
and 0.52 g/tAu. Production under the current mine plan is 
expected to continue until mid 2015. 


The global metal resource of the deposit is therefore in the 
order of 3.36 million tonnes of copper and 409 tonnes of 
gold. 


In 2004, 111.64 Mt of ore and waste were mined, of which 
32.18 Mt was ore at a head grade of 0.56% Cu and 
0.72 g/t Au. A total of 35.35 Mt was treated by the mill to 
produce 176 438 tonnes of fine copper and 19.69 tonnes 
of gold in concentrate and doré. 


Tectonic Framework 


The tectonic framework of the Argentine Andes is 
dominated by compressional tectonics, as it has since the 
onset of east-directed subduction of the Nazca Plate beneath 
the South American continental plate in the early Jurassic. 


The tectonomorphic development of the Andes has been 
driven by variations in the angle of subduction of the 
descending Nazca plate, Beneath the western margin of 
continental South America, the subducting plate can be 
divided into five segments based on the angle of subduction. 
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Beneath two of these segments - between 2*55 and 15°S in The development of distinctive tectonomorphic terrains in 
central Peru, and between approximately 28°S and 3398 in the overlying plate correspond approximately to changes 
northwestern Argentina - the slab currently descends at in dip of the Wadati-Benioff zone. 

angles of 5? to 10°, where-as the adjacent segments of the 

descending plate dip at angles of between 25? and 30? The Sierras Pampeanas terrain developed above the 
(Barazangi & Isacks, 1976). southern segment of flat slab subduction, between latitudes 
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Figure 2: Position of Bajo de la Alumbrera in relation to uplifted basement blocks of the Sierras Pampeanas terrain, deformation of 
the subducted Nazca Plate and the position of the subducted Juan Fernandez Ridge. Significant mincraliscd deposits arc as 
follows : In Argentina BLA = Bajo de la Alumbrera; F = Famatina. In Chile A= Andacollo; Ch = Chuquicamata; E= Escondida; EA= El Abra El 
= El Indio; ES = El Salvador; ET = El Tenicnte; P = Los Pelambres / Pachon; Po = Potrerillos; RB = Rio Blanco; T = Tambo, Adapted from 
Proffett, (2003); Based on data from Jordan, ct. al. (1983), Cahill & [saacs (1992), Cross & Pilger ( 1982), andAllmendingcr, et. al., (1983). Data 
on Holocenc volcanic centres from Siebert & Simkin (2002). 
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of 28°S and 33°15’S. South of this segment, the dip of the 
descending Nazca plate changes abruptly to approximately 
30°. North of the Sierras Pampeanas, the subducting slab 
gradually steepens toward the north, reaching and angle of 
30° at approximately 24°S. Deformational character 
undergoes a corresponding change from thick skinned in 
the Sierras Pampeanas, through a transition zone of mixed 
thick and thin skinned deformation in the Santa Barbara 
System to the Sub Andean belt north of 2495, which is 
dominated by thin-skinned shortening (Allmendinger, et al., 
1983). 


Flattening of the subducted slab beneath the Sierras 
Pampeanas is thought to have started at approximately 
13 Ma and to be related to the subduction of the Juan 
Fernandez Ridge which lies on the Nazca plate. The 
corresponding thermal buoyancy of this intra-plate chain 
of arc-perpendicular sea mounts and islands is believed to 
have led to, or aided, flattening of the subduction angle 
(Pilger, 1981). The current southem margin of the flat slab 
segment lies approximately due east of the ridge axis. 
According to this model, flattening and deformation of the 
plate boundary began in the north and moved southwards, 
which should have resulted in a southward decreasing age 
of deformation within the Sierras Pampeanas. 


However, the timing of deformation in the northern Sierras 
Pampeanas (Strecker, et al., 1989; Sasso, 1997; Coughlin, 
et al., 1998) at around 7 to 5 Ma, which corresponds closely 
with timing of uplift and deformation of the Nevados del 
Famatina in the central part of the Sierras Pampeanas at 
5.3 1 0.9 Ma (Losada-Calderon, et al., 1994) argues against 
a progressive southerly deformation. 


Strecker et al., (1989) propose the presence of a broad 
asthenospheric wedge above the shallow subducting plate 
which has caused thermal thinning of the lithosphere below 
the northern Sierras Pampeanas. Uplift of basement blocks 
in this area is proposed to be a response to shortening of 
the consequently mechanically weakened basement. 


Regional Structure 


The Alumbrera mine is located on the northwestern margin 
of the Sierras Pampeanas, a basin and range terrain (Jordan 
& Alimendinger, 1986) which consists of uplifted north 
trending basement blocks with intervening basins. 
Basement lithologies exposed on the ranges generally 
consist of crystalline or metamorphic rocks of late Cambrian 
to Ordovician age, with Tertiary and Quaternary basin fill. 
The principal structures are compressional in nature, with 
uplifted basement blocks usually bounded by high angle 
reverse faults. 


At the latitude of the Alumbrera deposit, the dominant 
north-south structural grain of the Sierras Pampeanas 
changes significantly where it is truncated by northeast 
trending faults and basement blocks. This change in trend 
was termed the “Tucumán Lineament” by Mon (1976). It 
separates the Sierras Pampeanas to the south, from the Puna 
region to the north. The Puna is a high (average 4000 m) 
plateau which extends south from the Bolivian Altiplano, 
and is characterised by an abundance of recent volcanism, 
with many vents still active. Volcanic activity has been 
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absent from the Sierras Pampeanas (above the flat-slab 
segment discussed above) since approximately 5 Ma, 
corresponding to the cessation of the Miocene age 
volcanism which had been associated with the broadening 
of the Andean volcanic arc (Kay, ef al, 1988). 


Timing of basement uplift in the Sierra de Aconquija and 
Sierra de Capillitas to the east of Alumbrera (Fig. 3b) has 
been constrained on the basis of Ar-Ar microprobe analysis 
by Sasso (1997) to between 5.5 and 5.0 Ma. Similarly, 
Coughlin et al., (1998) using apatite fission track dating, 
note that a significant cooling event occurred between 
approximately 10 and 5 Ma, corresponding to uplift of the 
Sierras de Aconquija. 


The northern Sierras Pampeanas is probably still 
experiencing basement uplift. Coughlin (op cif) also notes 
evidence of very young cooling (<3 Ma) in two fission 
track samples, which supports evidence cited in Strecker 
et al., (1989) for Quaternary tectonism on the western 
margin of the Sterra de Aconquija. Mapping close to the 
Alumbrera mine has also identified recent reverse faulting 
that has placed Miocene volcanic rocks structurally above 
semi-consolidated colluvial sediments, corroborating 
Coughlin’s proposal that basement uplift migrated 
westwards from the main Sierra de Aconquija to a position 
east of the Alumbrera mine at approximately 7 Ma. 


The mineralised complex at Alumbrera occurs adjacent to 
the Tucuman Transfer Zone, a north-east trending structural 
zone which defines the boundary between the Sterras 
Pampeanas to the south from the Santa Barbara system to 
the north and the Puna plateau to the northwest. 


The principal structures determining the geometry of 
basement blocks in the Alumbrera area are shown on 
Fig. 3a. 


Regional Stratigraphy 
Basement Lithologies 


The oldest rocks in the Alumbrera area are a series of 
generally well-bedded, low to medium grade 
metamorphosed shales and sandstones, which have been 
regionally metamorphosed to lower greenschist facies. 
These sediments are mapped in the Vis Vis Valley (6 km 
SE of Alumbrera) and Sierra de Ovejeria (Fig. 3b) to the 
south of the mine where they typically outcrop as slates, 
phyllites and quartzites of the Suncho Formation. They 
are the southernmost expression of a deep marine basin 
which formed to the west of the Amazon Craton during 
Neoproterozoic to Lower-Cambrian times (Acenolaza, 
et al., 1989). 


The Suncho Formation has been intruded by elements of 
the Capillitas Batholith throughout the study area 
(i.e. Fig. 3). Intrusives of the batholith encompass a variety 
of compositions from syenogranites to monzogranites. 
Igneous textures range from medium grained equigranular 
to strongly porphyritic, with feldspar phenocrysts in excess 
of 50 mm in many of the granitic phases. McBride et al, 

(1975) determined an age for the Capillitas Granite of from 

47] to 423 Ma (Upper-Ordovician to Lower-Silurian) using 
a K-Ar technique. 
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Miocene Age Lithologies 
El Morterito Formation 


Continental red-beds of the El Morterito Formation 
unconformably overlie the Palaeozoic basement throughout 
the (Fig. 3), above a planate surface which developed on 
the basement throughout the Palaeozoic. In the Alumbrera 
area, the El Morterito Formation occurs in the foothills of 
Cerro Durazno (Fig. 3b), where it is limited to a thickness 
of generally less than 100 m. The unit has been assigned a 
Lower-Miocene age on the basis of vertebrate fossil fauna 
(Turner, 1962; 1973) and radiometric dating of a basal tuff 
unit by Bossi ef al., (1993) which gave an age of 13 Ma. 


The El Morterito stratigraphy at the base of Cerro Durazno 
and north of the Durazno Fault has a lower unit composed 
of poorly sorted fine to medium grained sandstones and 
siltstones. The upper parts of this unit also contain abundant 
intraformational (mudflake) breccias and chert nodules after 
sulphates, indicating a depositional environment typical of 
a playa lake in an arid terrain. Above this sequence, the 
depositional environment changes rapidly (possibly across 
a low angle unconformity) to one dominated by fluvial 
deposition, with moderately sorted medium to coarse 
sandstones, gravels and pebble to cobble conglomerates. 
The conglomerates are polymict and generally reflect a 
broad range of basement lithologies, from granites to 
subvolcanic porphyries. There is little material derived 
from volcanic sources, with the exception of a minor 
component of fine grained basaltic clasts. 


The transition from playa lake to active fluvial systems 
within the El Morterito Formation reflects the rejuvenation 
of the hinterland of the palaeo-basin and the commencement 
of basement uplift in the northern Sierras Pampeanas, 
immediately prior to the onset of andesitic volcanism. 


Farallón Negro Volcanics 


Throughout the study area (Fig. 3), the El Morterito 
Formation is immediately overlain by the Mid- to Upper- 
Miocene age andesitic volcanics of the Farallón Negro 
Volcanics (FNV). The FNV complex is the easternmost 
expression of Cenozoic volcanism in northern Argentina. 
Whole rock geochemistry determined by Sasso (1997) on 
samples of the FNV indicate that the volcanics have a calc- 
alkaline composition, and may be sub-classified as 
Shoshonites on the basis of their high potassium content. 


Recent data from Halter et al., (2004) indicate that the main 
volume of the FNV complex was erupted between 9.7 and 
7.35 Ma, with the youngest extrusive event being the 
eruption of dacites at 7.35 Ma. 


The contact between the ENV and the El Morterito 
Formation is poorly understood. On the eastern margin of 
Cerro Bola del Atajo (Fig. 3b), beds of FNV are 
conformable with the narrow interval of El Morterito 
Formation which lies above granitic basement in this area. 
Similarly, to the south of Alumbrera, FNV are found 
interbedded with the El Morterito Formation along the 
downthrown (northern) block of volcanics adjacent to the 
trace of the Buenaventura Fault (Fig. 3b). North of this 
fault, sand dykes from the El Morterito Formation are found 
within the lowermost units of the FNV, indicating a close 
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temporal depositional relationship between the two units 
in the area. Further to the north, in the well exposed 
southern flanks of the Cerro Durazno, the conformable 
contact between the two units exhibits a well defined 
bedding and separation of the differing andesitic and 
basement derived sediments. 


In the area between the pronounced arch of El Morterito 
Formation exposed to the west of Cerro Durazno and Cerro 
Bola del Atajo (Fig. 3b), the contact between the El 
Morterito Formation and the overlying FNV is notably 
different from that seen in other areas. Here, the volcanics 
lie above an angular erosional unconformity. The degree 
of angular discordance seems to be variable, but is generally 
less than 20°. Erosion of the El Morterito Formation prior 
to the deposition of the volcanic units can involve the 
removal of up to 30 m of material. In one area, it appears 
as if El Morterito Formation conglomerates have been 
deposited above andesites of the FNV. 


Recent drilling (2003) beneath the Alumbrera open pit 
penetrated basement lithologies in several holes for the first 
time. These drill holes passed directly from fresh andesite 
to a strongly silicified, bleached quartzite. Although the 
quartzite does not exhibit the well bedded appearance of 
the quartzites in the Vis Vis Valley to the south of the mine, 
the unit intersected in these holes is interpreted as an altered 
equivalent of the Suncho Formation. This implies that the 
El Morterito sandstones were either eroded beneath the 
mine area prior to deposition of the FNV sequence, or the 
area immediately adjacent to the mine was a relative 
topographic high during deposition of the El Morterito 
Formation. 


The variable contact relationships noted between these two 
units suggests that volcanic activity commenced soon after 
basin inversion began. Rapid uplift of the El Morterito 
sedimentary basin probably resulted in soft sediment 
deformation of at least the upper coarse sedimentary 
package. Continued deformation of the basin, accompanied 
by rapid deposition of the lower facies of the FNV, resulted 
in a variably developed erosional unconformity between 
these two units. 


Following a period of deformation of the lower volcanic 
facies, sedimentation within the palaeo-basin continued, 
with input from dominantly volcanic sources, but also a 
minor input from basement rocks (decreasing over time), 
resulting in the interbedding of the El Morterito Formation 
and ENV, with resultant soft sediment and dewatering 
features such as sand dykes. 


Throughout the study area (Fig. 3), the FNV are dominated 
by thick sequences of poorly bedded flows of andesitic 
detritus. These flows generally comprise interbeds of up 
to 2 m in thickness of extremely poorly sorted, matrix 
supported sediment. Rounded to subangular polymict clasts 
of almost universal andesitic composition are present 
throughout the flows. Clast sizes vary from several cm to 
2 m in diameter and occasionally exhibit reverse grading 
within individual beds. The flows are therefore classified 
as debris flows according to the terminology proposed by 
Smith (1986). The presence of occasional clasts which 
appear to have been plastic prior to incorporation into the 
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flow, plus the presence of dark fine grained reaction rims 
around many clasts lends weight to the probability that the 
flows were hot during the process of deposition, 


In the area of the Alumbrera tailings dam, bedding within 
the flows is notably more uniform, and individual beds can 
be traced over larger lateral distances. The quantity of 
andesite dykes cutting the debris flows also diminishes 
significantly in this area. Sasso (1997) attributed this 
change to lateral facies changes away from a central 
volcanic vent or cone, with the more bedded facies close 
to the tailings dam representing distal flows into a basin 
surrounding the vent. However, during drilling of 
geotechnical foundation holes prior to construction of the 
dam wall, several holes intersected fine grained andesitic 
or basaltic dykes that are not present at surface. Similar 
anomalies were noted during later drilling of hydrological 
test wells downstream of the tailings dam site. In addition, 
this drilling proved the existence of large faults beneath 
what at surface appear to be only minor fractures. 


Analyses and interpretation of the data leads to the 
conclusion that rather than lateral change, the change in 
the debris flow material in the area of the tailings dam is 
the result of vertical facies change above what appears to 
bealow angle erosional unconformity. This unconformity 
apparently separates a lower facies of debris flow material 
with poorly defined bedding and containing abundant 
andesite and trachyandesite dykes from an upper facies in 
which individual debris flows are more easily discernible 
and post depositional dykes are generally absent. According 
to this interpretation, the upper volcanic facies would be 
equivalent to the "Medial Volcaniclastic Facies" of Sasso 
(1997). 


The unconformity between Upper and Lower facies of the 
FNV is also reflected in gross compositional changes within 
the andesite pile, with hornblende and pyroxene units 
dominating below the unconformity and pyroxene + 
plagioclase above. A similar compositional change across 
a 30° angular unconformity has been noted in the FNV to 
the north of Cerro Bola del Atajo, north of the Escaleras 
Fault. To date insufficient work has been done to correlate 
the two unconformities. However, the presence of the 
previously noted unconformity north of the Escaleras Fault 
allows the possibility of interpreting the well bedded facies 
evident in the steep cliffs of the southern face of Cerro 
Durazno as belonging to the upper facies. 


The case for distinct facies within the FNV is also supported 
by the complex contact relationships with the El Morterito 
Formation noted at the beginning of this section. 
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Within the study area (Fig. 3), the only sedimentary unit 
found above the FNV is a thin unit of boulder conglomerate 
which overlies a low angle unconformity and is only very 
sporadically encountered. This unit consists almost 
exclusively of rounded fluvial pebble to cobble 
conglomerates derived exclusively from the FNV, and when 
found is generally in the order of 2 to 4 m in thickness. 
This unit is tentatively correlated with the Punaschotter 
Formation as described by Sasso (1997), although the 
significantly reduced thickness makes correlation 
imprecise. 


Intrusive Lithologies 


Regionally, the porphyry intrusives which host the 
Alumbrera deposit form part of a calc-alkaline suite of 
dacitic porphyries which intruded the Sierras Pampeanas 
during the Miocene. 


Within the area of outcrop of the FNV, there are several 
other partially explored mineralised dacite porphyries with 
lithologic, mineralogic and/or alteration characteristics 
similar to those at Alumbrera (see Fig. 3b). However, none 
seem to have developed the tenor of mineralisation that is 
apparent at Alumbrera and all are sub-economic at the 
current level of exploration. Ar-Ar dating of the intrusive 
phases at these prospects by Sasso (1997) indicated similar 
ages to the porphyries at Alumbrera, suggesting partitioning 
from a similar magmatic source. Comparative ages are 
given in Table 1. 


Recent Ar-Ar dating of the mineraltsed dacite porphyry 
complex at Alumbrera by Halter, ef al., (2004) has 
confirmed an intrusion age of 6.8 Ma. 


In addition to these mineralised systems, there are a series 
of northwest trending dykes passing to the east of the 
Alumbrera porphyry stock cluster. These are 
mineralogically and texturally distinct from the Alumbrera 
porphyries. They typically contain 5% to 10% euhedral 
hornblende crystals up to 10 mm across, rare blocky 
pyroxenes to 2 mm, and fine crystals of plagioclase to 
1 mm, all set in a very fine-grained matrix. They form 
continuous dykes of between 5 and 20 m in width that can 
be traced for several kilometres from stock-like bodies north 
of the Buenaventura Fault. The timing of these dykes is 
difficult to determine, as contact relationships with other 
porphyries have not been observed in the field. One of 
these dykes has been mapped as being strongly deflected 
from sub-vertical and northwest-trending, to shallowly 
dipping north-trending as it approaches the Alumbrera 
porphyry stock cluster, suggesting that it is younger than 
the Alumbrera porphyries. 


7.39 + 0.17 


Table 1: Comparative ages of mineralised porphyries intruding Farallón Negro Volcanics in the Sierras Pampeanas near Alumbrera. 


Ar-Ar dating by Sasso (1997). 
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Beyond the area of outcrop of the FNV Complex, there are 
several other mineralised porphyry systems in the northern 
Sierras Pampeanas. Comparative ages for a selection these 
are listed in Table 2. The most important is the Agua Rica 
porphyry copper-gold-molybdenum deposit (Fig. 3b), with 
quoted resources of 750 Mt @ 0.66% Cu, 0.037% Mo, 
0,32g/t Au and 3.2g/t Ag at 0.4% Cu cutoff (Northern Orion 
Website, March 2004), which is currently at pre-feasibility 
stage of development. 


The Capillitas deposit (Fig. 3b) is a rhyodacitic diatreme 
intruding the upthrust basement block of Capillitas Granite 
between Alumbrera and the Sierra de Aconquija. 
Mineralisation consists of a series of polymetallic 
hydrothermal veins that were exploited for copper, gold, 
zinc, lead and silver over a number of years. Currently, the 
mine produces gem quality rhodochrosite which formed 
as a final vein fill episode. The sulphide veins are cut by a 
late stage dacite dyke, dated at 5.16 + 0.05 Ma, defining an 
upper age limit for mineralisation. 


Deposit Geology 


The Bajo de la Alumbrera deposit lies within a naturally 
occurring topographic "bowl" or "bajo" formed by the 
preferential erosion of the alteration halo surrounding the 
deposit. The Bajo covers an area of 3200 x 2200 m and 
has a central elevation of 2550 m ASL. The hills 
surrounding the Bajo reach a maximum height of 2880 m 
ASL in the southwest quadrant, 


Mineralisation at Alumbrera is associated with the intrusion 
ofa cluster of dacite (field term) stocks into the lower facies 
ofthe Farallón Negro Volcanics (FNV). Detailed mapping 
(Proffett 1997; 2003) has defined a total of 7 separate 
intrusions including pre-, syn- and post-mineralisation 
phases. 


Pre-mineralisation porphyries are only of minor volumetric 
importance within the area of the mineralisation. A 5 to 
20 m wide porphyry dyke known as the Northeast Porphyry 
occurs in the northeastern quadrant of the "Bajo". Although 
there are no directly observable contact relationships 
between this and other porphyries within the Bajo, mapping 
by Proffett indicates that the dyke is cut by mineralised 
quartz veins and is altered to a similar degree to the 
surrounding country rock, suggesting that it is a pre-mineral 
intrusive. 


A second intrusive which may also be pre-mineral 
surrounds the main mineralised porphyry stocks on the 
south and western sides. This body - referred to as the Los 
Amarillos Porphyry (LAP) - is strongly altered by phyllic 
alteration, rendering it's original mineralogy and texture 
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difficult to determine. However, in comparison to the other 
porphyries in the deposit it has an anomalous content of 
pink quartz phenocrysts to 5 mm in size, many of which 
are fractured, Proffett (2003) includes a body of igneous 
breccia within the LAP. The igneous breccia is described 
as having angular to rounded quartz vein fragments of 
various sizes, together with fragments of what appears to 
be quartz-magnetite altered P2 porphyry (see below) and 
andesite fragments to several tens of centimetres in size in 
a strongly altered quartz-feldspar matrix. 


Both the Igneous Breccia and LAP are truncated by the 
earliest phase of the P3 porphyry. However no contact 
relationships exist between these bodies and the earliest 
mineralised porphyry phase, other than the presence of 
possible P2 blocks within the breccia. The LAP is atypical 
of the Alumbrera porphyries in general because the volume 
of the porphyry body decreases with depth, so that in cross 
section it resembles a “rootless stock”. It is also apparently 
atypical of the remaining Alumbrera porphyry bodies in 
that the majority of mineralisation ts vein-controlled with 
disseminated sulphides being virtually absent. 


There are no well defined contact relationships between 
the Igneous Breccia and the LAP, so that the apparent age 
of the breccia (1.e. younger than P2) cannot be definitively 
extended to the LAP. Therefore, the LAP is regarded as 
being older than the mineralised porphyries within the Bajo, 
although it seems probable that the younger stocks may 
have exploited the same ascent route, suggesting that the 
age differences are relatively small. 


Proffett (op cif) notes the presence of four distinct phases 
of intrusion of mineralised porphyry stocks, with an 
intrusive paragenesis based on observed contact 
relationships. 


The Colorado Norte or "P2" porphyry is the oldest of the 
mineralised porphyries. The main residual mass of this 
porphyry occurs on the eastern side of the deposit, where it 
forms an oblate body which probably had original 
dimensions of approximately 350 m north-south by 200 m 
east-west and a depth extent close to the eastern porphyry 
margin of more than 500 m. The P2 body is extensively 
intruded by later porphyries, and as a consequence has an 
irregular outcrop pattern and unpredictable shape in cross 
section. Isolated occurrences of P2 are found elsewhere in 
the deposit, although these appear to be disconnected 
remnants and do not form interpretable bodies of significant 
size. 


Of all the porphyries at Alumbrera, the P2 is generally the 
most strongly affected by quartz-magnetite alteration. 
Where the primary texture is still discernible, it is more 


Table 2: Comparative ages of mineralised porphyries outside of the Farallén Negro Volcanics in the Sierras Pampeanas near 


Alumbrera. Ar-Ar dating by Sasso (1997). 
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finely crystalline than later porphyries, with plagioclase 
phenocrysts from 3 to 4 mm across within a mosaic textured 
quartz and potassic feldspar groundmass. Primary quartz 
crystals are extremely rare, 


The P3 suite of porphyries is the major intrusive phase at 
Alumbrera. It represents the largest volume of porphyry 
within the deposit, and comprises several (three to five) 
separate mineralised intrusive pulses. These pulses are 
almost impossible to distinguish during pit mapping, 
because of their textural and mineralogical similarities. In 
drill core, contacts are usually identifiable by subtle changes 
in the intensity of potassic alteration or tenor of 
mineralisation. In some cases, flow alignment of 
phenocrysts indicates changes in the intrusive phases. The 
absence of well defined contacts cutting pre-existing 
veining and the highly irregular nature of contacts suggests 
that the separate intrusives formed as distinct pulses of 
magma intruding in rapid succession, before the previous 
pulse had time to solidify and form distinctive veins. 


What is apparent, is that each successive pulse carried less 
potassic alteration, less magnetite and also less copper and 
gold. 


Proffett (2003) records the presence of a porphyry of 
indeterminate age in the southeast of the deposit, the Quartz 
Eye Porphyry (QEP). The QEP has a definite cross cutting 
relationship with the P2 porphyry. P2 xenoliths occur 
within the QEP close to the contact between the two. 
Surface outcrops also contained numerous fragments of 
pink, partially resorbed quartz veins to 15 mm in diameter. 
The relationship between the QEP and the P3 porphyries 
however, is not well defined. Proffett (op cit) notes that 
quartz veins within the QEP are truncated by the late phase 
of the P3 porphyry, but that contact relationships between 
the QEP and the early phase of P3 are poorly defined. He 
also indicates that the QEP may in fact be a quartz-rich 
phase associated with the initial intrusion of the P3 stocks. 
Within the mine, the paucity of definitive contact 
relationships between the two porphyries leads to the 
interpretation that the QEP is part of the P3 stock. 


Late northwest trending porphyry dykes cross the Bajo and 
extend for several kilometres in either direction away from 
the mine. These dykes cut all alteration features, except 
the youngest phyllic phase. Where the dykes cut strong 
phyllic alteration in both earlier porphyries and andesites, 
they are only weakly affected, usually with sericitisation 
of the plagioclase phenocrysts and partial chloritisation of 
mafics. 


These late dykes are unmineralised, with the exception of 
rare, late pyrite veinlets that formed during phyllic 
alteration. Compositionally and texturally they are similar 
to the late phases of the P3 intrusive suite, with the notable 
exception that they are quartz phyric, with up to 5% quartz 
present as 5 to 8 mm subhedral crystals. 


The origin of these porphyry dykes is unclear. However, 
the discovery of a small xenolith of mineralised, quartz- 
magnetite altered porphyry in a dyke some two kilometres 
southeast ofthe mine suggests that they may be late phases 
of the same parent magma as the mineralised porphyries. 
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Alteration and Mineralisation 


Mineralisation 


The global metal resource of the Bajo de la Alumbrera 
deposit (production + remaining resource and reserves as 
known at the end of 2004) is in the order of 3.36 million 
tonnes of copper and 409 tonnes (13.15 Moz) of gold. 


The ore mineralogy of the Alumbrera orebody is relatively 
simple. Hypogene sulphide phases are dominated by 
chalcopyrite and pyrite. Minor chalcocite and covellite 
are confined to a thin enrichment zone which was developed 
sporadically in the upper 50 m of the deposit, and as coatings 
on pyrite crystals below the more heavily leached zones 
adjacent to the major faults. Gold occurs as inclusions and 
attachments to chalcopyrite, as rare free grains and less 
commonly as attachments to pyrite, although this latter 
association is not a significant contributor to overall gold 
production. 


Active erosion within the Bajo prevented the development 
of more significant leaching or secondary enrichment zones 
at Alumbrera. Prior to mining, copper and iron sulphides 
existed at surface in the ore zones and surrounding areas 
of highly pyritic phyllic alteration of both the andesites 
and the dacite porphyries. Minor (generally less than 5% 
of total sulphides) chalcocite exists to depths of up to 250 m 
below the original surface in some parts of the deposit, 
almost exclusively as atoll textures around chalcopyrite 
grains, These occurrences are generally unrelated to other 
processes (such as leaching or oxidation) indicative of metal 
mobilisation, and so are not easily explained in terms of 
secondary enrichment processes. Qualitative analysis 
suggests that these occurrences may be related to 
mobilisation of iron or copper during phyllic alteration, 
although empirical evidence for such movement is lacking 
at this stage. 


According to fluid inclusion studies undertaken by Ulrich, 
et al., (2002) the primary driver for hypogene metal 
precipitation at Alumbrera was cooling of the metal rich 
bripes following emplacement of the porphyry stocks. 
Their study documented the precipitation of around 85% 
of copper and gold from the ore fluid after cooling of the 
fluid from around 400°C to 305°C. 


Economic mineralisation is present as both disseminated 
sulphide grains and sulphide veins and veinlets. In general, 
disseminated sulphides are most apparent in the earlier 
porphyry phases and tend to be less important in later 
porphynes, where mineralisation can often be controlled 
solely by veins and fractures. This probably reflects the 
relative cooling times of the porphyries, with rapid cooling 
of the earliest stocks “freezing” a relatively larger 
proportion of the ore fluid in the groundmass, and slower 
cooling of the later stocks facilitating migration of the fluid 
into fractures generated by the cooling magma. 


Barren Core 


A feature of the Alumbrera mineralisation in common with 
many other porphyry copper systems is the presence of a 
“Barren Core”, At Alumbrera, the barren core is an 
economic rather than a geological feature, defined by an 
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Photo 1: Well mineralised strongly quariz-magnetite altered P2 porphyry Photo 3: Late high erade sulphide vein with chalcopyrite + pyrite + 
intruded by poorly mineralised “Late P3" porphyry with weak specular hematite in moderately potassically altered P3 
potassic alteration. porphyry. Note the absence of selvedge development 


Photo 2: Strong secondary biotite alteration of andesite, with early “B” Photo 4: Quartz + pyrite + chalcopyrite + magnetite "B" vein cut by 
veins truncated by later "D" vein with well developed sericite younger massive sulphide vein with chalcopyrite + pyrite + 
selvedpe. Both are cut by later barren fibrous gypsum veins. specular hematite. 
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Lithology 


P2 Porphyry 
P3 Porphyry and equivalents 
Northwest Porphyry 


Late Porphyry dyke 


Principal faults - see caption 
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Figure 4a: Mine Plan showing blast hole copper grades for bench 2356 with the outlines of intrusive porphyries overlain. Named 
faults are : Steve's Fault (SF), Gypsum Fault (GF), Ron Fault (RF), Rampa Norte Fault (RNF), northern branch of the Gypsum Fault (GF(N)), 


and northern branch of the Ron Fault (RN(F)). The position of the 2356 m bench is shown on Fig. 4b below. 
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Northwest Porphyry 

Late Porphyry dyke 
Undifferentiated andesite | 
Basement metasediments 


Principal fault 


Figure 4b: Cross Section A — B, approximately through the centre of the deposit showing copper grade distribution, principal 


structures and lithologies. The location of this section is shown on Fig. 4a above. 


inner 0.15% Cu boundary in the central part of the porphyry 
complex. This boundary encompasses not only the late, 
barren or low grade intrusives of the P3 porphyry suite and 
late dykes, but also elements of the potassic or quartz- 
magnetite altered Early P3 and P2 porphyries, The barren 
core seems to have developed as a result of remobilisation 
of sulphides and gold during progressive heating of the 
central parts of the deposit by successive pulses of magma. 
In this model, the earliest mineralised intrusives were 
emplaced in a relatively cool rock mass. Metal rich fluids 
would have cooled quickly, depositing metal sulphides 
within the porphyry and immediately adjacent country rock. 
With successive pulses of magma injection, temperatures 
in the core of the deposit would have risen rapidly, to the 
degree that late fluids would have been under-saturated and 
able to remobilise the earlier sulphides, Fluid inclusion 
evidence (Ullrich et al., 2002) supports this theory, with 
homogenisation temperatures of inclusions from the barren 
core often exceeding 700°C. 


Late Sulphide Veins 


Another feature of mineralisation at Alumbrera is the 
presence of late high grade massive sulphide veins which 
flank the Barren Core on the eastern and western sides of 
the deposit. These veins contain massive chalcopyrite and 
pyrite with rare selvedge alteration, which, if present, 1s 
usually biotite + potassic feldspar. They typically cross 
cut other mineralised veins associated with earlier potassic 
alteration episodes. Sulphides and oxides usually comprise 
90% of the vein volume. Gangue mineralogy ts commonly 
quartz + biotite, although anhydrite is also represented. In 
the latter case, sulphides usually occupy the central part of 
the vein, allowing the possibility that the sulphides are 
occupying space caused by dilation of earlier anhydrite 
veins, 


A feature of these veins which contrasts with the majority 
of mineralised veins in the deposit is the presence of 
specular haematite rather than magnetite as the dominant 
iron oxide. The hematite forms bladed crystals up to 10 mm 
in length, and usually comprises less than 10% of the 
metallic component of the vein. 


The formation of these late veins is thought to be related to 
remobilisation of metals during development of the barren 
core. Where mining has exposed these veins on the eastern 
side of the deposit, they form a steeply dipping vein set 
trending approximately north-south, with individual veins 
able to be traced for up to 10 m, both along strike and down 
dip. 


Alteration 


Potassic Alteration 


Mineralisation accompanied the intrusion of the various 
dacite porphyry stocks and was in turn accompanied by 
variable degrees of potassic alteration of the dacites and 
surrounding mineralised country rock. At Alumbrera, there 
is no direct relationship between degree of potassic 
alteration and mineralisation. Highly altered rock can 
sometimes only carry low copper and gold grades, while 
weakly mineralised material may at times contain high 
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grades. In general however, increasing copper and gold 
grades reflect an increasing tenor of potassic alteration of 
the host lithology. 


Throughout the deposit, and regardless of lithology, 
mineralised veins consist of chalcopyrite + pyrite + 
magnetite with accessory bomite and molybdenite in a 
gangue of either anhydrite + gypsum or quartz + potassic 
feldspar + biotite. 


Potassic alteration within the porphyries is generally 
manifested by the progressive replacement of matrix 
minerals by a fine mosaic of quartz + potassic feldspar, 
and secondary biotite replacing authigenic hornblende and 
biotite with increasing intensity of alteration. At its most 
intense, potassic alteration results in complete 
recrystallisation of the groundmass, pseudomorphing of 
authigenic mafic minerals by secondary biotite and 
pseudomorphing of calcic plagioclase phenocrysts by 
potassic feldspar. 


Within the andesites, potassic alteration is characterised 
by the development of secondary biotite in the matrix. 
Incipient biotitisation on the fringes of the alteration system 
produced sub-spherical clumps of secondary biotite that 
can initially be misidentified as extraneous rock fragments, 
With increasing intensity of alteration, secondary biotite 
becomes ubiquitous throughout the matrix, although the 
primary rock texture is still preserved. However, the most 
intense potassic alteration of andesite hosts results in almost 
total obliteration of the original rock fabric and its 
replacement by secondary biotite. In these zones of intense 
biotite alteration, mineralised veins often have halos of 
quartz and potassic feldspar, overprinting earlier formed 
secondary biotite. 


Quartz-Magnetite Alteration 


Magnetite is one of the principal components of the 
alteration and mineralisation system at Alumbrera. As 
already noted, magnetite is a consistent, if variable, 
component of mineralised veins. In addition, quartz- 
magnetite alteration is commonly associated with the 
earliest intrusive phases. This is particularly true of the P2 
porphyry, a large proportion of which is overprinted by 
this style of alteration to such an extent that the original 
porphyry texture is obliterated. Similarly, large sections 
of the early stages of the P3 porphyry are affected by quartz- 
magnetite alteration which diminishes progressively in each 
of the successive intrusive pulses. 


At a drill hole scale, it is tempting to consider that there 
was an initial stage of massive magnetite alteration that 
preceded copper-gold mineralisation of the P2 intrusive. 
Copper and gold grades correlate poorly with magnetite 
concentrations in many parts of this phase of the porphyry. 
Inspection of these areas reveals intervals of intense 
magnetite alteration which contain only sparse chalcopyrite. 
Where such mineralisation is present, it is always associated 
with quartz veining, and sulphides always have one 
common boundary with a silicate mineral. These intervals 
give the appearance of a phase of intense magnetite 
alteration which overprinted the porphyry soon after its 
intrusion and preceded the main sulphide mineralisation. 
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Propylitic Alteration 


Propylitic alteration at Alumbrera is defined by the presence 
of epidote and chlorite together with the sporadic 
development of calcite veins and breccias. It forms a nearly 
circular halo around the Alumbrera deposit, and fits neatly 
within the confines of the Bajo. At the outermost limit of 
the propylitic zone, chlorite was sporadically formed in 
the matrix of andesite debris flow material, while epidote 
tends to pseudomorph fine plagioclase. Chlorite dominates 
the alteration system in these areas, particularly in the hills 
on the eastern side of the Bajo. In the more competent 
andesite dykes, alteration tends to be confined to millimetre 
scale chloritic alteration halos fringing fractures and by 
occasional epidote + chlorite + carbonate veins. 


Closer to the intrusive centre, the texture of the alteration 
changes to knots and masses of chlorite and epidote, with 
epidote being relatively more abundant than in the 
outermost parts of the alteration halo, 


At Alumbrera, the propylitic alteration zone is 
unmineralised, with the exception of some pyritic veining 
on its inner margin where it has been overprinted by later 
phyllic/argillic assemblages. The temporal relationship 
between the potassic and propylitic alteration is deduced 
to be approximately coeval, as late dykes in the northwest 
of the deposit cut both potassic and propylitic alteration 
styles, but are affected by later phyllic alteration. The 
absence of significant sulphur as either sulphides or 
sulphates implies that the alteration is not directly 
influenced by magmatic fluids. 


In addition, the absence of quartz veining associated with 
this alteration style indicates that the fluids producing the 
alteration never reached significant temperatures, or that 
insufficient quantities of fluids passed through the rock. 
Limited geochemical data indicate there has not been 
significant chemical addition or removal affecting the bulk 
composition of the parent andesites. These field 
observations, together with the geochemical data, support 
the suggestion by Proffett (2003) that the propylitic 
alteration at Alumbrera is a product of isochemical 
modification of the rock mass by meteoric water drawn to 
the intrusive centre as part of a convective cell or during 
cooling of the porphyry mass. 


Feldspar Destructive Alteration 


The term “feldspar destructive alteration" (FDA) is used 
at Alumbrera to encompass an alteration style which 
includes processes generally recognised as phyllic and/or 
argillic styles. The application of these terms has been 
avoided at Alumbrera due to the ambiguity of their use in 
the literature. 


AtAlumbrera, FDA developed relatively late in the thermal 
evolution of the deposit, It overprints both the potassic 
and propylitic alteration assemblages, and can be found in 
all porphyry phases. It tends to be most intense in the 
andesites beyond the boundaries of the central porphyry 
stocks, although as noted previously, the Los Amarillos 
Porphyry has been strongly modified by this alteration style. 
Sericite from the FDA zone has been dated at 6.75 + 
0.09 Ma by Ar-Ar methods (Sasso & Clark, 1998). 


Within the central porphyry mass, FDA generally only 
weakly overprints the preceding potassic alteration styles, 
to the extent that remaining plagioclase phenocrysts are 
altered to sericite, and mafics are generally replaced by 
chlorite of brown sericite. Magnetite is altered to chlorite 
in some areas, and destroyed with increasing intensity of 
FDA. 


Alteration seems to stop with the formation of what would 
be termed “argillic” alteration in other hydrothermal 
systems. A poorly constrained survey of the alteration at 
Alumbrera by Hauff (1995) using a PIMA infra-red 
spectrometer indicates that illite is the dominant clay 
mineral developed during FDA, accompanied by an 
irregular and subordinate distribution of kaolinite. 
Advanced argillic alteration, with the accompanying 
formation of kaolinitic clays, is generally restricted to fault 
zones where percolation of meteoric water and the oxidation 
of sulphides produce low pH zones for several metres 
adjacent to the principal faults. 


Weak FDA within the porphyries initially results in 
sericitisation of plagioclase and chloritisation of the mafic 
minerals, With greater intensity, chloritised mafics change 
progressively to brown and then to white sericite, with 
concurrent sericitisation and chloritisation of matrix 
material. With increased alteration, formation of expanding 
clays becomes evident, particularly at sites of former 
plagioclase phenocrysts. 


Within the andesites, weak FDA manifests itself as 
alteration of primary or secondary mafic minerals to chlorite 
or brown sericite. With increasing intensity of alteration, 
iron is progressively lost from the silicate minerals and 
chlorite and brown sericite are converted into white or clear 
sericite and clay minerals. At its most intense, the original 
texture of the rock is obliterated and recognition of primary 
lithology becomes impossible. 


In all lithologies, FDA is accompanied by the development 
of a pyritic stockwork incorporating sub-millimetric up to 
10 mm thick massive veins. The selvedges of these veins 
are almost invariably altered to the assemblages noted above 
(“D” veins of Proffett, 2003). The density of pyrite veining 
therefore tends to control the intensity of FDA, although 
the susceptibility of the host lithology to alteration also 
plays a significant rote. 


Sulphate 


Sulphate veins are present to a greater or lesser degree 
throughout the deposit. In the upper parts of the orebody 
and surrounding rocks, the dominant sulphate is gypsum, 
which forms intense network vein systems in the andesites 
adjacent to the porphyry stocks, and also within the 
porphyries themselves. Intense gypsum veining is often 
associated with FDA, which is most commonly found in 
the upper parts of the deposit. 


With increasing depth within the alteration system, 
anhydrite becomes the dominant sulphate, forming mosaic 
textured finely crystalline pink and purple veins up to 10 
mum thick in both the porphyries and andesites. 


Mineralised primary sulphate veins are associated with the 
intrusion of the porphyries, and include both gypsum and 
anhydrite as the gangue mineral, either in distinct veins or 
coexisting with sulphides in the same vein. Sulphides 
(pyrite and chalcopyrite, with occasional molybdenite) are 
disseminated within the veins, or may form a distinct 
centreline. When found in potassic altered andesites, 
primary sulphate veins have sharp, well defined boundaries 
with the surrounding rock, or are rarely flanked by selvedge 
zones of potassium feldspar, suggesting that they were in 
chemical equilibrium with the waltrock. At the deepest 
levels of sulphide mineralisation, anhydrite veins contain 
disseminated fine grains of primary bornite. 


Weakly mineralised or barren sulphate veins were also 
produced during FDA, due to the alteration of primary 
lithologies, particularly calcic plagioclase, which probably 
liberated abundant Ca. These veins occupy secondary sites 
such as joints and faults. The processes involved in their 
formation may also have resulted in the redistribution of 
minor amounts of sulphides, to produce weak 
mineralisation in the vein set. 


A second, unmineralised family of fibrous gypsum veins 
up to 30 mm thick is also found at Alumbrera, although it 
is volumetrically less significant than the mineralised 
sulphate veins. Where the two styles can be seen together, 
fibrous veins truncate the mineralised variety. These fibrous 
veins generally lack sulphides, although disseminated pyrite 
occasionally occurs within them. They are distributed 
sporadically around the fringes of the deposit, notably on 
the eastern side of the Bajo, close to the outer limit of FDA. 


One possible explanation for the distribution of veining as 
noted above is that anhydrite veins accompanied the main 
intrusive and mineralisation phases, and were sites of 
sulphate deposition as the fluids cooled. in the upper parts 
of the orebody, hydration during the FDA event converted 
anhydrite to gypsum, and resulted in the formation of 
mineralised gypsum veins. 


Volume changes resulting from the hydration of anhydrite 
and development of FDA may then have caused slow 
dilation in the surrounding rock mass, allowing the 
development of the late unmineralised fibrous gypsum 
veins. 


Structure 


The principal faults mapped within the Bajo, which reflect 
the transtensional northwest trending structural trend 
discussed previously, are post-mineral. Their relationship 
to FDA and to late northwest trending dykes suggest that 
structural disruption of the mineralisation occurred during 
the waning stages of the FDA event. There is no evidence 
of significant pre-mineral structures within in the Bajo 
which may have acted as a focussing mechanism for the 
intrusion of the mineralised porphyries. 


The main structures which transect the orebody are normal 
faults with movements of up to 200 m throw and a variable 
sense of strike-slip movement. The recent interpretation 
of quartzite basement beneath the FNV has allowed a 
refinement of movement vectors. 
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There are three principal faults which displace ore blocks. 
On the east side of the Bajo, the moderately southwest 
dipping (60 to 70°) Ron Fault has displaced the quartzite 
basement by more than 150 m. To the west of the deposit, 
Steve's fault is a moderately east dipping (50 to 65°) normal 
fault which has displaced the western porphyry boundary 
by up to 200 m. The third major structure is the Gypsum 
Fault, a steeply west dipping (60 to 75°) structure with 
interpreted left lateral movement of up to 70 m (based on 
displacement of ore boundaries), and a vertical component 
of 20 to 50 m in the normal sense. The latter fault is 
characterised by extensive development of platy gypsum 
and clay, indicating that the fault may have been active 
during the development of FDA. 


Prior to the discovery of the quartzite basement blocks 
beneath the deposit and the recent discovery of an 
unconformity within the FNV, Proffett (1997; 2003) had 
interpreted vertical movement on the Gypsum Fault to be 
in the order of 200 m, based on the offset of volcanic 
stratigraphy in the eastern and western slopes of the Bajo. 


Mine development during 2004 revealed the presence of a 
previously unmapped fault crossing the northem pit margin. 
The Rampa Norte fault appears to have formed relatively 
late in the structural development of the deposit. Initial 
mapping indicates this structure displaces the Gypsum 
Fault, and probably the Ron and Steve's Faults as well. 
Relative displacement of the Gypsum Fault shows high 
angle reverse movement, making Rampa Norte fault unique 
within the pit area. At currently exposed levels, the fault 
juxtaposition of weakly mineralised blocks, and a paucity 
of correlatable features prevents an accurate estimation of 
ore displacement. It remains an interesting target for future 
drilling programs. 


In summary, faulting within the mine area appears to be 
the result of transpressional forces generated by clockwise 
rotation of up to 29? in the northern Sierras Pampeanas 
during the late Miocene or early Pliocene (Aubrey, et al, 
1996). A structural paragenesis would have the Gypsum 
Fault as the earliest interpretable structure within the mine 
area, followed by the development of the Ron and Steve's 
faults. Current information suggests that the Rampa Norte 
fault is the youngest significant structure. 
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THE ESCONDIDA PORPHYRY COPPER DEPOSIT, NORTHERN CHILE: 
DISCOVERY, SETTING, GEOLOGY, HYPOGENE MINERALISATION 
AND SUPERGENE ORE - A REVIEW 


T. Mike Porter 
Porter GeoConsultancy Pty Ltd, Adelaide, South Australia 


Abstract - The Escondida porphyry copper deposit and its satellites are the source of ore for the world’s 
current largest copper mine, with an installed capacity of 1.2 Mt of fine copper per annum. The published 
ore reserve + mineral resource at Escondida and the satellite Escondida Norte deposits at the end of 2004 
totalled 2.88 Gt @ 1.13% Cu, or 10.11 Gt @ 0.70% Cu when lower grade leach and oxide ores are included. 
Escondida was discovered in 1981 as the culmination of an exploration program initiated in 1978. This 
program, the Atacama Project, was specifically targeted at locating supergene enriched porphyry copper ore 
within the 500 km interval between Chuquicamata and El Salvador, in the established porphyry copper belt 
of northern Chile. 


The supergene sulphide enrichment blanket at Escondida is entirely concealed below the remnant of a 
‘superleached’ capping which is from a few to 350 m in thickness and contained «100 to 600 ppm Cu and 10 
to 480 ppm Mo. The enriched blanket covers an area of some 4.5 x 1 km and varies from a few metres to 
500 m in thickness. A zone of oxide ore occurs on one margin of the overlying leached capping. Supergene 
enrichment largely took place between 18.0 and 14.7 Ma. 


Hypogene mineralisation is associated with the emplacement of the elliptical, 4.5 x 2.5 km, 38 Ma Escondida 
stock, a composite granodiorite-porphyry intrusive within a country rock largely composed of Paleocene to 
early Eocene andesites. Subsequent intrusions of 36 to 34 Ma rhyolite intrusive rocks, cutting the Escondida 
stock, post dated the first two of three hydrothermal stages related to the emplacement of ore, while the 
latest intrusives are 31 Ma barren rhyodacite dykes. 


Three stages of hydrothermal alteration and mineralisation are recognised. The first, stage A, was potassic, 
comprising mainly K feldspar in the Escondida stock, and biotite in the surrounding andesites, passing out 
into a broad propylitic zone. Stage B is characterised by phyllic alteration, comprising an earlier chlorite- 
sericite quartz and a later quartz-sericite, with the latter predominating in the core of the deposit and the 
former in the surrounding andesites. Stage C hydrothermal activity is the first to post date the intrusion of 
the rhyolites and is predominantly a multipulse, acid-sulphate, advanced argillic event that persisted from 
36 to 34 Ma. Hypogene copper grades associated with stage A potassic alteration alone, are typically 
<0.3% Cu, while in areas of intense chlorite-sericite and quartz-sericite overprint, grades are, on average, 
between 0.4 and 0.6% Cu. Locally, where stage C veins cut earlier mineralisation, the hypogene grades may 
teach >1% Cu. Mineralisation is predominantly contained within stage B quartz-sulphide stockworks, with 
associated stage A disseminations and stage C polymetallic sulphide veining. 


In addition to the main Escondida orebody, there are three other significant deposits within the Escondida 
District, namely: Escondida Norte, Zaldivar and Pinta Verde, all of which fall within a broad zone of 
propylitisation covering an area of some 25 x 15 km. The Escondida district lies within the Domeyko Fault 
Zone, a roughly 30 to 50 km wide, orogen parallel belt that stretches over a length of at least 1000 km in 
northern Chile, and embraces the giant porphyry copper deposits at Chuquicamata, Collahuasi and El Salvador 
and other smaller examples. During the late Eocene to early Oligocene, the Domeyko Fault Zone was the 
focus of, 1). a major pulse of the eastward migrating magmatic arc related to the subduction zone to the west 
of the current coast, and ii). strike slip faulting arising from the NE directed convergence of the oceanic 
Nazca plate with the South American continent. The intrusions hosting the major deposits, including 
Escondida, appear to have been emplaced during 2 change in the sense of deformation in the Domeyko Fault 
Zone, from transpression to transtension, and focussed at points of intersection between this orogen parallel 
fault zone, and a series of long lived cross orogen lineaments. 
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Introduction 


Escondida is currently the world's largest single copper 
producing mine, having expanded its annual installed 
capacity to 1.2 million tonnes (Mt) of fine copper during 
2003. Production in 2004, following the completion of the 
expansion, totalled 1.2071 Mt of fine copper, 5.75 tonnes 
of gold and 178.75 tonnes of silver. The total material 
mined was 377.356 Mt of ore + waste, while 82.378 Mt of 
ore was milled at an average grade of 1.5196 recovered 
copper (Rio Tinto 2004). 


The deposit is located at an altitude of 3000 to 3500 metres 
in the Andes Mountains of Region II, northern Chile, some 
160 km ESE of the Pacific coast port of Antofagasta. lt 


TOW 


lies within the world's premier porphyry copper district 
and is one of a string of deposits, including some of the 
largest on the globe which are distributed at regular intervals 
within the generally north-south trending Domeyko Fault 
Zone. The Domeyko Fault Zone comprises a roughly 30 
to 50 km wide, orogen parallel belt that stretches over a 
length of at least 1000 km in northern Chile, and possibly 
beyond into southern Peru. In addition to Escondida, super- 
giant deposits in this string include Collahuasi and 
Chuquicamata, as well as the giant El Salvador and El Abra 
deposits and others. 


In addition to the main Escondida orebody, there are three 
other significant deposits within the Escondida District, 
namely: Escondida Norte, Zaldivar and Pinta Verde, as well 
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Figure 1: Location and tectonic setting of the Escondida District, Northern Chile. Bascd on 
information compiled from other sources by Richards ef al., (2001). 
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as a number of zones of mineralisation, such as Carmen 
and Ricardo not currently declared in reserves. All of the 
major resources lie within an approximately 8x10 km 
transtensional cymoidal area delimited by the intersection 
of north-south trending, sinistral, strike slip faults of the 
Domeyko fault system and a regional NW trending 
structural corridor, the Archibarca lineament (Richards 
et al., 2001; Padilla et al., 2001), as described later in this 
paper. This cymotdal area is believed to have structurally 
focussed emplacement of the mineralisation related 
intrusives and hydrothermal systems. 


Hypogene mineralisation is associated with a number of 
38 to 36 Ma (late Eocene) granodioritic to rhyolitic quartz- 
feldspar porphyry intrusions within this cymoidal area. The 
bulk of the high grade ore occurs as extensive, thick, 
supergene enrichment chalcocite blankets, superimposed 
upon the hypogene mineralisation by the favourable 
structural and climatic regime that has persisted in the 
district over a protracted period. 


The main Escondida deposit was discovered in 1981 as the 
result of a specific exploration program, the Atacama 
Exploration Project, commenced in 1979 by a joint venture 
of Minera Utah de Chile Inc and the Getty Oil Company. 
At the start of production in 1990 the known "reserves" 
totalled 1.76 billion tonnes (Gt) (à) 1.59% Cu (Ortiz, 1995). 


At December 2004 the total ore reserve + mineral resource 
at Escondida, as defined by the Australian JORC code, and 
reported by Rio Tinto (2004), was as follows: 1). sulphide 
ore = 2.109 Gt (à) 1.08% Cu; ii). sulphide leach ore = 
5.033 Gt @ 0.51% Cu; iii). oxide ore = 0.206 Gt @ 0.62% 
soluble Cu. Total combined ore reserves = 2.735 Gt @ 
0.87% Cu and mineral resources = 4.613 Gt @ 0.56% Cu. 
In total this represents 7.348 Gt @ 0.68% Cu. 


At the same date, the satellite Escondida Norte deposit, 
7 km to the north, had ore reserves + mineral resources, as 
defined by the Australian JORC code, and reported by Rio 
Tinto (2004), as follows: 1). sulphide ore = 0.772 Gt @ 
1.25% Cu; ii). sulphide leach ore = 1.824 Gt (2) 0.5296 Cu; 
iii). oxide ore = 0.164 Gt @ 0.74% soluble Cu. Total 
combined ore reserves = 1.208 Gt @ 0.97% Cu and mineral 
resources = 1.552 Gt @ 0.55% Cu. In total this represents 
2.760 Gt (à) 0.74% Cu. 


Editors Note; Pressure of work prevented the authors who agreed 
to prepare a paper on Escondida from completing their 
contribution. Consequently thts comprehensive Editors Review 
has been prepared instead, based on published sources, including 
the most recently released. It allows the reader to compare the 
characteristics of this very significant deposit with the other giants 
described within this volume as part of the global coverage 
promised by the title. There is no original input from the author, 
either in fact or concept. All information recorded has been drawn 
from published sources which are appropriately acknowledged 
throughout the text. The sources cited are not necessarily those 
that made the original observation or conclusion, but rather are 
the source consulted, and from which information was derived. 
The key sources include Padilla ef al., 2004; Padilla ez al., 2001; 
Richards et al, 2001; Ortiz, 1995; Lowell, 1991; Ojeda, 1990; 
Richards et al., 1999; Sillitoe and McKee, 1996; Alpers and 
Brimhall, 1989; and others. Consult these papers for additional 
information and data. 
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Resource figures at Carmen and Ricardo (Fig. 2) are not 
declared in annual reports. Carmen is covered by gravels 
and there is insufficient information to determine its main 
characteristics, while Ricardo occurs along the Zaldivar 
Fault and is composed of secondary chalcocite rimming 
pyrite within the Cerro Sureste rhyolite (Fig. 3), with no 
apparent associated hypogene copper sulphides (Padilla 
et al., 2001), 


The reserves and resources that comprise Escondida and 
Escondida Norte amount to approximately 70.4 Mt of 
contained copper. 


The principal owners of the operator, Mineral Escondida 
Ltda, are BHP Billiton Pty Ltd 57.5%, Rio Tinto Plc 30%, 
JECO (Mitsubishi and Nippon Mining) 10% and 
International Finance Corporation 2.5%. 


The Zaldivar deposit, which is the westera continuation of 
Escondida Norte, lies within a mining title that is 10096 
controlled by Placer Dome Inc., and comprises a reserve + 
resource of 675 Mt @ 0.63% Cu as leach ore (Placer Dome, 
2003) representing 4.2 Mt of contained copper. In 2003 
the mine produced 150 500 tonnes of fine copper. The Pinta 
Verde deposit, also within the Placer Dome title, is the 
westward continuation of the Zaldivar resource, separated 
by an arbitrary boundary. The Zaldivar mine exploits a 
supergene chalcocite blanket and lesser oxide ore, while 
Pinta Verde comprises 70% oxide ore (Placer Dome, 2003). 


The Chimborazo prospect, some 15 km NNW of Escondida 
and 10 km NW of Zaldiva, still within the gross propylitic 
alteration zone encompassing the Escondida district 
deposits, is quoted as containing a geological resource of 
264 Mt @ 0.64% Cu (Richards et al., 2001). While the 
mineralisation at Chimborazo was known prior to 
the discovery of Escondida or Zaldivar, mineable 
resources have not as yet been defined (Richards ef al, 
2001). 


Geological Setting 
Regional Setting 


The Escondida district, in the Cordillera Domeyko, is 
located within the Andean Mountains of northern Chile, 
near the present day western margin of South America. This 
margin has been an active, destructive plate boundary since 
the Mesozoic when it formed the western seaboard of 
Gondwana. The geology is dominated by Mesozoic and 
Cenozoic sedimentation, magmatism and tectonic 
deformation ofthe Andean cycle, superimposed on and over 
a Proterozoic to Palaeozoic basement (Camus, 2005). 


The basement, which is not well exposed in the central 
Andes, represents two earlier tectonic cycles, i). the lower 
Palaeozoic to late Devonian, multi-pulse, Famatinian cycle 
(Mpodozis and Ramos, 1989; Camus 2005), and it). the 
late Palaeozoic (Carboniferous to middle Triassic Variscan/ 
Hercynian) Gondwana cycle. In place of the Famatinian 
cycle, Richards et al., (2001) lists three cycles, namely, the 
Mesoproterozoic (1460 to 1210 Ma) Pampean, the late 
Neoproterozoic to Cambrian Pan American, and the 
Ordovician to Silurian Caledonian (or Oclóyic orogeny) 
cycles. 
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The pre-Carboniferous cycle(s) are believed to have 
involved progressive episodes of subduction, collision and 
accretion of north-south elongated allochthonous terranes, 
including the Arequipa Massif in southern Peru and 
northern Chile, the Precordillera terrane in northern to 
central Chile and western Argentina, and the Chilenia 
terrane in central Chile. These cycles are characterised by 
S-type granitoids and coeval volcanics, by periodic 
metamorphism in a mainly cratonic setting of ensialic 
extensional rifts and basins, and by periods of compression 
interpreted to have been associated with terrane accretion 
(Richards et al, 2001). 


Turbiditic sediments were deposited to the west, lapping 
onto the margin of the thick continental crust of the accreted 
terranes and the older continental margins in the east, where 
they passed into equivalent shelf carbonate facies. 
Deformed belts of these sediments are found along the 
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sutures separating the mosaic of accreted terranes 
(Mpodozis and Ramos, 1989; Fig. 4 in Camus, 2005, in 
this volume). 


The Gondwana cycle is much better represented in uplifted 
blocks of basement in the central Andes than the earlier 
events. There does not appear to have been any accretion 
of allochthonous terranes in north and central Chile during 
this period. A substantial accretionary prism of turbiditic 
sediments was deposited to the west, possibly in part on 
oceanic crust. This prism laps onto the margin of the thick 
continental crust to the east where it passes into shelf 
carbonates (Mpodozis and Ramos, 1989; Padilla er al., 
2001). The Gondwana cycle is characterised by extensive 
magmatism and metamorphism to the east of the 
accretionary prism, particularly S- and I-type granitoid 
complexes and coeval felsic to intermediate volcanic and 
subvolcanic rocks, emplaced throughout the Carboniferous, 
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Interpreted solid geology of the Escondida district, Northern Chile. 
Based on outcrop mapping from Richards ef al., (2001). 


from ~350 Ma to -240 Ma in the Permian (Richards et al., 
2001; Camus, 2005). This magmatic activity is interpreted 
to relate to subduction below a trench to the west of the 
accretionary prism (Mpodozis and Ramos, 1989; Camus, 
2005). The Cordillera Domeyko and the Escondida district 
are located at the transition from the thick continental 
basement in the east, to the turbiditic wedge/accretionary 
prism to the west (Padilla et al., 2001). 


There 15 no evidence of collision of major terranes during 
the Mesozoic and Cenozoic Andean cycle, which is a 
diachronous event, related to the breakup of the Gondwana 
super-continent. A magmatic arc and ensialic back-arc basin 
were established in the region from the Triassic to early 
Cretaceous. In the Escondida district, these are represented 
by the Triassic andesitic lavas and felsic tuffs of the Agua 
Dulce Formation, and the thick sequence of carbonates and 
siliciclastics of the Jurassic to Cretaceous Profeta and Santa 
Ana Formations respectively (Fig. 2). The opening of the 
Atlantic Ocean at ~127 Ma, corresponded to the cessation 
of back arc activity in northern Chile. The area occupied 
by that back arc was uplifted to expose the basement and 
erode sections of the Mesozoic sequence. However, shifts 
in the global tectonic pattern resulted in the resumption of 
subduction in the late Cretaceous, which has continued to 
the present. The resultant magmatic arc has migrated 
steadily eastward relative to the plate margin, punctuated 
by more mtense pulses of activity to produce a series of 
orogen-parallel belts of coeval volcanics and intrusives 
(Richards e! al., 2001). 


During the Eocene, the magmatic arc reached what is now 
the Cordillera Domeyko (and the Escondida district) to 
develop the extensive andesitic to rhyolitic volcanics of 
the Augusta Victoria Formation (Fig. 2}. This prominent 
magmatic event has been correlated with a period of rapid, 
NE directed, oblique convergence, between the Nazca and 
South American plates, and subduction at a consistently 
steep angle (Richards et al., 2001, after Pilger, 1983, and 
Pardo-Casas and Molnar 1987). A reduction in the rate of 
convergence towards the end of the Eocene corresponded 
to the strong Incaic phase of tectonism. This tectonic 
activity produced NW oriented folding and dextral strike- 
slip concentrated on a major orogen paralle! structural array, 
the Domeyko Fault (or West Fissure) Zone in the current 
Cordillera Domeyko (see Tectonic Setting below). The 
onset of the Incaic phase also coincided with of the 
cessation of volcanism (Richards et al., 2001). 


At the end of the Incaic tectonic phase, the stress field ts 
interpreted to have been reversed, and transtensional 
movement in the Domeyko Fault Zone facilitated the 
emplacement of late Eocene to early Oligocene intrusives 
ranging from diorite to felsic porphyries. This was the last 
mid Tertiary event before the arc moved eastward with a 
renewed increase in the rate of convergence and a flattening 
of the subduction angle (Richards et al., 2001). 


The ensuing Quechua phase tectonism of the late Oligocene 
was characterised by rapid, high angle plate convergence 
of more than 10 cm per annum, accompanied by the uplift 
of the Andean mountain belt (Richards et a/., 2001, after 
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Coira ef al., 1982, and Pardo-Casas and Molnar 1987). 
During this period, as a result of the uplift, there was 
pediplanation in the Cordillera Domeyko and deposition 
of the Atacama gravels. At the same time, changes in the 
dynamics of the Pacific Ocean produced the cool, northward 
flowing Humboldt Current on the western margin of Chile. 
This current, and the uplift of the Andes mountains to 
produce a rain shadow, resulted in desertification of the 
western slopes of the Andes and the northern Chile coastal 
belt in the middle Miocene (around 15 Ma). The climate 
change halted erosion before the hypogene mineralisation 
could be removed and facilitated the development of 
supergene enrichment over a prolonged period (Richards 
et al., 2001). 


Tectonic Setting 


Throughout much of the Cenozoic, the Andean cycle has 
been characterised by eastward (normal), or NE (oblique) 
directed subduction convergence of the Nazca plate (to the 
west, below the Pacific Ocean) and South America (to the 
east). This resulted in transpressional and transtensional 
movement along arc parallel fault zones, accompanied by 
minor, but important strike slip movement on NE and NW 
trending cross-orogen structures (Fig 1). While this 
convergence has produced compression, shortening and arc- 
parallel dextral strike slip in the upper continental plate, 
there has also been intervals of extension, transtension and 
sinistral fault movement throughout the Mesozoic and 
Tertiary (Richards et al, 2001, quoting other sources). 


Following the increase in spreading rates at the end of the 
Mesozoic, and the coincident change in convergence 
direction of the Nazca oceanic plate from SE to NE by the 
late Eocene, the focus of strike-slip movement in the upper 
plate had transferred from the Atacama Fault of the older 
Mesozoic La Negra arc (in the current coastal belt), to the 
Domeyko Fault (or West Fissure) Zone (Fig. 1). 


The Domeyko Fault Zone is a generally 30 to $0 km wide, 
orogen parallel belt of faulting that stretches over a length 
of at least 1000 km in northern Chile, and possibly beyond 
into southern Peru (Fig. 1). It includes the West Fissure 
Zone mapped in the Chuquicamata district (see Faunes 
et al., 2005 in this volume). Mpodozis et al., (1993) 
separated the Domeyko Fault Zone into five segments along 
strike, each with its own peculiar characteristics. In the 
Escondida district the fault zone is characterised by cymoid- 
shape elongate basins in a zone 200 km long by 20 to 50 km 
wide. 


Padilla et al., (2001) suggest that the Domeyko Fault Zone 
may have originated during the formation of the Mesozoic 
extensional back-arc basin, as a series of growth faults that 
marked the eastern limit of that basin. They add, that it 
was probably not originally a continuous structure, but more 
likely was a series of north-south faults that broke off and 
down-faulted section of the western margin of the 
Palaeozoic crust to floor the back-are basin to the west. 
According to Padilla et al, (2001) the facies distribution 
indicates the eastern margin of the Mesozoic back-arc basin 
broadly corresponded to the transition from Palaeozoic 
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crystalline crust in the east, to Palaeozoic oceanic turbidites 
to the west, possibly reflecting reactivation of Palaeozoic 
faults. They also suggest that, at the end of the Cretaceous, 
and into the early Cenozoic, these same faults were 
reactivated as thrust and transpressive structures, that later 
still became strike slip faults representing the current 
Domeyko Fault Zone within the Cordillera Domeyko. 


Dextral displacement is recorded in the Domeyko Fault 
Zone until the late Eocene and, in places, probably into the 
early Oligocene. However, by the late Oligocene the 
movement on this structural zone was markedly sinistral, 
persisting into the Miocene. This change, which may have 
taken affect at different times along the length of the 
Domeyko Fault Zone, coincides in general with the 
cessation of volcanism and the subsequent emplacement 
of the giant Eocene to Oligocene porphyry copper deposits 
of northern Chile, including Escondida. It 1s also most 
likely to have taken place during an interval of stress 
relaxation or reversal, promoting the introduction and 
emplacement of voluminous shallow level magmas 
(Richards et al., 2001, quoting other sources). See Richards 
(2005) in this volume, for more background on these 
processes. 


Richards et al., (2001), also consider it likely that 
transtension developed where oblique structures intersected 
the main strike-slip fault, causing deflections, points of 
weakness, and the development of pull part basins. They 
also utilised the structural interpretations of Salfity (1985) 
and Salfity and Gorustovich (1998) who identified a number 
of systems of NW and NE trending lineaments, and 
lineament corridors (plotted on Fig. 1) that cut across the 
entire Andean Orogen in northern Argentina and Chile and 
intersect the Domeyko Fault Zone. The intervals of 
intersection of these cross trending lineaments with the 
Domeyko Fault Zone exhibit a good correlation with the 
location of many of the known major late Eocene to 
Oligocene porphyry Cu-Mo deposits within the Domeyko 
Fault Zone (Fig. 1). 


One such cluster of deposits is that of the Escondida district, 
at the intersection ofthe Domeyko Fault Zone and the NW 
trending Archibarca Lineament of Salfity (1985) and Salfity 
and Gorustovich (1998). Figs. 1 and 2 illustrate the 
intersection in a regional and on a district scale respectively. 
On Fig. 2, the Domeyko Fault (West Fissure) Zone is 
represented by the north-south set of faults that include the 
Ferrocarril, Portezuelo, Panadero and Zaldivar Faults, while 
the prominent set of NW oriented structures encompassing 
Zaldivar and Chimborazo belong to the Archibarca 
Lineament. These latter NW oriented faults have a sinistral 
displacement, as is indicated for the regional Archibarca 
Lineament by Salfity (1985). 


Richards et al, (2001), speculate on the nature of the 
basement configuration reflected by the observable cross 
lineaments. These same cross lineaments also appear to 
control the location of major ore deposits in the other 
narrow, parallel north-south trending Cenozoic mineral 
belts in the central Andes, each of which reflects a separate 
pulse ofthe eastward progressing magmatic arc (see Camus, 
2005, this volume). 


The Escondida District 


Fig. 2 is an interpreted summary of the solid geology of 
the Escondida district, based on published mapping in 
Richards et al., (2001), and Padilla et al., (2001). The main 
rock units may be summarised as follows: 


Permo-Carboniferous La Tabla Formation - These are the 
oldest rocks mapped in the immediate Escondida district 
and represent the local basement, They outcrop as fault 
bounded massifs to the east of the main faults of the West 
Fissure Zone (Domeyko Fault Zone). The most widespread 
exposed lithology of the La Tabla Formation in the district 
is a quartz-feldspar porphyritic vitrophyre showing very 
little macroscopic structure, and occurring as units which 
rarely have non-faulted contacts with other units. It is 
composed of abundant phenocrysts (typically <5 mm 
across) of quartz and feldspar (saussuritised plagioclase) 
with lesser mafic minerals (chlorite altered biotite and 
hornblende) in a matrix of devitrified glass. This lithology 
15 believed to represent an original glassy or pumiceous 
rock of volcanic origin, but also includes sub-volcanic 
intrusives. It ranges from a high K rhyolitic affinity to 
dacitic and andesitic compositions. The chemistry is 
characteristic of arc magmas, with an I-type calc-alkaline 
magmatic affinity. Local units of Palaeozoic calcareous 
siltstones and mudstones are found overlying the volcanics 
with no skarn or hornfels development, suggesting the 
porphyries are mainly extrusive (Richards et al., 2001). 


Late Triassic Agua Dulce Formation - This is the first 
formation of the Andean cycle in the district, and is part of 
the back arc basin to the La Negra arc in the Chilean Coastal 
belt (straddling the Atacama Fault shown on Fig. 1). The 
back arc basin also contained widespread volcanic rocks, 
which in the Escondida district are largely characterised 
by a subdued topography, covered by a gravel pediment to 
the east of the West Fissure Zone. Due to the extensive 
cover and some lithological similarities with neighbouring 
units, both the eastern and western contacts of the formation 
are unclear and conjectural. It is composed of andesitic 
lavas, and rhyolitic tuffs and domes, and is cut by quartz 
monzonite to quartz-diorite intrusives. The andesitic 
volcanic rocks are porphyritic with altered hornblende, 
clinopyroxene and saussuritised plagioclase phenocrysts 
set in a fine grained matrix which is sometimes trachytic 
in composition. The rhyolitic rocks contain phenocrysts 
of quartz, feldspar (plagioclase with lesser K feldspar) and 
locally, minor biotite in a glassy, usually devitrified, matrix. 
Some have textures suggesting a pyroclastic origin, while 
others appear to represent flow domes. The geochemistry 
of the andesites and rhyolites are quite different and are 
suggestive of separate sources, specifically, arc magmatic 
andesites and rhyolites with a crustal melting component 
(Richards et al., 2001). Padilla et al, (2001) did not 
differentiate the Triassic Agua Dolce Formation. They 
included all rocks mapped by Richards ef al., (2001) as 
Agua Dolce Formation within the La Tabla Formation. 


Jurassic to Cretaceous Profeta Formation and Santa Ana 
Formation - These units were developed in a subsiding 
back-arc basin, and represent an apparently continuous 


sequence, subdivided into the older, dominantly calcareous 
Profeta, and younger, mainly arenaceous Santa Ana 
Formations. The Profeta Formation unconformably 
overlies andesites ofthe Agua Dulce Formation to the north 
of Fig. 2, above a basal rubbly conglomerate and overlying 
silty carbonate. The sequence is up to 1 km thick in the 
north, and is composed of fossiliferous, micritic limestones, 
limestone breccias, and sandy and/or silty lenses. The Santa 
Ana Formation is characterised by orange- and yellow- 
weathering sandstone and siltstones with subordinate 
carbonate bands. The contact between the two units outside 
of the mapped area is gradational. Within the area of Fig. 2, 
voluminous rhyolitic and minor andesitic rocks of the same 
age are mapped. Some are intercalated with the sediments, 
though most of the felsic rocks appear to represent flow 
domes from which the conformable volcanics extend 
(Richards et al., 2001). Padilla er al., (2001) consider the 
Profeta Formation to represent Triassic to Jurassic marine 
sediments and the Santa Ana Formation to be Cretaceous 
continental-subaqueous rocks. 


Cretaceous Monzonite and Gabbro Intrusives - 
Approximately 5 km west of the Escondida pit, a north- 
south elongated composite body of quartz monzonite and 
lesser hornblende gabbro intrudes the volcano-sedimentary 
rocks of the Profeta and Santa Ana Formation. It is 
surrounded by a halo of hornfels and calc-silicate alteration, 
and separates the two intruded units in the map area. The 
gabbros cross-cut and postdate the quartz-monzonite. The 
quartz-monzonites are equigranular and medium grained, 
with rare quartz and plagioclase. The hornblende gabbros 
are dated at 76.9 to 74.0 Ma, giving a minimum age for 
both the Santa Ana Formation and the quartz-monzonites. 
They comprise porphyritic to ophitic rocks with brown 
hornblende crystals to more than 1 cm across, intergrown 
with clinopyroxene and plagioclase laths with interstitial 
biotite and minor quartz, and have an alkalic geochemistry 
(Richards ef al., 2001). 


Paleocene to Early Eocene Augusta Victoria Formation - 
The progressive eastward movement of the Cenozoic 
volcanic arc resulted in widespread Paleocene to Early 
Eocene andesitic and felsic volcanism of the Augusta 
Victoria Formation in the Cordillera Domeyko, 
accompanied by intercalated arenaceous and calcareous 
sediments. The volcanics and sediments of this unit, like 
the Agua Dulce Formation, form a subdued topography, 
masked by gravels, although the more felsic units form low, 
poorly exposed ridges. The unit appears to largely comprise 
a gently folded, sub-horizontal, alternating sequence of 
locally vesicular, crystal rich andesitic lavas, and felsic tuffs 
which have devitrification and eutaxitic textures. These 
volcanics overlie the Profeta and Santa Ana Formations 
with an angular unconformity (Richards et al., 2001). 
Marinovic et al., (1992) quote a biotite K-Ar age of 
55 +1.4 Ma from volcanics at the base of the unit. 


Late Eocene to Early Oligocene Dioritic Intrusions - 
Acromagnetic data indicates clusters of magnetic diorite 
intrusions regionally distributed along the West Fissure 
(Domeyko Fault) Zone. One such cluster surrounds the 
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Escondida-Zaldivar-Chimborazo deposits, with the greatest 
density being to the NE of Chimborazo (Fig. 2). Dykes 
and stocks of diorite, which characteristically carry 
abundant hornblende phenocrysts and magnetite, intrude 
both the Augusta Victoria and the Profeta Formations. 
Ar? Ar dating of samples has returned ages of between 
38.28 £0.32 and 39.94 £0.46 Ma, similar to the ages of 
syn-mineral porphyries at Escondida, Zaldivar and 
Chimborazo (see below). The diorites have a very similar 
geochemical signature to the Augusta Victoria Formation 
andesites, with both lithologies being characterised by arc- 
like trace and major elements (Richards et al., 2001). 


Late Eocene to Early Oligocene Porphyry Intrusions - A 
multiphase episode of late Eocene to early Oligocene 
porphyries accompanied mineralisation at the deposits of 
the Escondida district, as described below. At Escondida, 
mineralisation is associated with the Escondida stock, which 
is composed of at least four phases of intrusion, dated at 
37.9 £1.1 Ma (U-Pb in zircon), and which have an overall 
granodioritic composition. The phases of this stock were 
subsequently intruded by two main bodies of rhyolite 
porphyry which have returned ages of 35.7 40.3, 35.2 +0.3 
and 34.7 +1.7 Ma. Later still, dacitic and quartz-latite 
porphyry dykes were intruded along NW trending, post- 
mineralisation faults, cutting the earlier intrustves. These 
dykes are weakly altered, with sericite K-Ar dates of 
~31 Ma. At Zaldivar and Escondida Norte, mineralisation 
is mostly hosted by Palaeozoic rhyolitic porphyries of the 
La Tabla Formation, although it is controlled by dykes of 
dacitic feldspar-biotite-quartz porphyry which outcrop at 
Zaldivar, and occur below the pit floor at Pinta Verde. These 
dykes have been dated at 38.7 1.3 Ma (U-Pb in zircon) 
and 37.4 +0.18 Ma (*“Ar/%Ar). At Chimborazo, small, 
poorly altered dykes of andesitic feldspar-biotite-quartz 
porphyry, similar to the mineralisation associated intrusive 
at Zaldivar, have been dated at 38.09 +0.30 Ma (*9Ar/?Ar) 
(Richards et al., 2001; Padilla e£ at., 2001 and 2004). 


Late Eocene to Early Oligocene Silicified Breccias and 
Veining - Veining is widespread in faults of both the north- 
south and NW structural corridors, producing trails of 
quartz, jasper, carbonate or barite float, which indicating 
concealed faults in areas of little of no outcrop. Barite 
veins more than a metre thick, some with copper colours, 
were pitted by early prospectors in the NW fault corridor 
between Zaldivar and Chimborazo. Closer to the porphyry 
centres, these vein are characterised by epithermal-style 
chalcedonic and vuggy quartz, passing into extensive zones 
of brecciation and silicification, as at Chimborazo and to 
the north and east of Zaldivar (Fig. 2). Alteration associated 
with these breccias is exemplified by the breccias some 10 
km ENE of Escondida. At this location, pervasive 
silicification of fragmented (Agua Dulce?) volcanic country 
rock is accompanied by coarse grained hypogene alunite, 
granular diaspore and kaolinite, within a broader zone of 
argillic alteration. These breccias have some associated 
Cu mineralisation although drilling has not defined an 
economic resource. Similarly, at Chimborazo, the deposit 
is marked by a prominent hill of silicified and brecciated 
andesitic lavas and felsic tuffs of the Augusta Victoria 
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Formation, with potassic, propylitic and late advanced 
argillic alteration, and associated dykes of altered porphyry, 
as described above. Mineralisation at Chimborazo is mainly 
of supergene origin, hosted by the brecciated country rock 
volcanics (Richards et al., 2001). 


The Escondida Deposit 


Hypogene porphyry copper mineralisation at the Escondida 
deposit is associated with an elliptical, 4.5 x 2.5 km, late 
Eocene to early Oligocene, composite granodiorite- 
porphynitic stock, This stock is elongated in a 140 to 150° 
direction and intrudes andesites correlated with the 
Palacocene to early Eocene Augusta Victoria Formation 
(Padilla e£ al., 2001; Padilla et al., 2004). 


The composite granodiorite-porphyritic intrusive, known 
as the Escondida stock, comprises at least four phases. The 
two earliest are porphyritic and have a similar mineralogy. 
They may be distinguished however, on the basis of their 
phenocryst content, vein continuity and alteration intensity, 
The older of this pair is the Colorado Grande intrusion, 
which has been dated (by U-Pb in zircon) at 37.9 +1.3 Ma 
and 37.2 10.8 Ma, and is cut by the Escondida intrusion. 
The Escondida intrusion has been dated at 37.7 +0.8 Ma. 
The Colorado Grande intrusion is a crowded porphyry with 
an average of 60% phenocrysts, while the Escondida 
intrusive has less than 40% (Padilla et al., 2001). 


Phenocrysts from both the Colorado Grande and Escondida 
intrusions comprise quartz, orthoclase, plagioclase and 
biotite and, in general, range for 1 to 5 mm across, although 
they may occasionally be up to 8 mm. The quartz is 
subrounded, from 0.5 to 3 mm in diameter, and totals 2 to 


8% of the phenocrysts. Plagioclase however, comprises 
60 to 70 volume % of the total phenocrysts, is of oligoclase 
to andesine composition, are euhedral to subhedral with 
concentric zoning and may be 0.5 to 5 mm across. 
Subhedral, Carlsbad twinned orthoclase comprises 20 to 
30% of the phenocrysts, and ranges from 0.5 to 3 mm in 
length. Euhedral biotite phenocrysts occur as brown books 
with a diameter of 0.5 to 1.5 mm and comprises around | 
to 3% of the phenocrysts. The groundmass is composed 
mainly of plagioclase, orthoclase, quartz and biotite as 
smaller crystals of less than 0.5 mm diameter (Padilla e: al., 
2001). 


The third phase of the Escondida stock is a 350? elongated, 
1000 x 250 m zone of porphyry breccia, which has a similar 
composition and phenocryst content to the Escondida 
intrusion, but incorporates mineralised fragments of the 
previous two phases, while being crosscut by later 
mineralised veins. The overall fragment content averages 
8%, although this may locally be as high as 60% where it 
has the texture of an intrusive breccia, The fourth phase 
comprises narrow granodioritic dykes containing copper 
and iron sulphides and associated quartz-sericite alteration, 
cutting all of the three previous intrusive phases (Padilla 
et al., 2001). 


Approximately 3 m.y. after the emplacement of the 
Escondida stock and the development of the mineralised 
porphyry system, both were intruded by the Colorado Chico 
rhyolitic dome within the Escondida mine area, and the 
large Cerro Sureste rhyolite dyke to the east, with ages 
interpreted to be between 34.9 +0.4 and 32.6 +2 Ma. These 
rhyolites post date the main mineralisation associated 
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Figure 3: Geological plan of the Escondida deposit on the 2800 mRL level showing lithologics, structure and the approximate outlines of 
the supergene sulphide cnrichment blanket and oxide orcbodies. Modified after Padilla er al., (2004), with additional information from 
Richards ef al., (2001) and Ojeda (1990). 
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potassic and sericitic alteration, but were accompanied by 
a moderate to intense advanced argillic phase (Padilla et al, 
2001 and 2004). 


The final intrusive episode is represented by narrow, copper- 
barren, but weakly sericite altered, rhyodacitic dykes that 
cut the rhyolite dome. Dating of the sericite alteration 
(K-Ar) yielded dates of 31.5 +2.8 Ma, while whole rock 
samples gave 31.0 42.8 Ma (Padilla et al, 2001). 


At least four types of breccia have been recognised within 
the Escondida stock, namely: 1). the intrusive breccias of 
the third phase of the stock, as described above; ii). cooling 
breccias at the contacts between the rhyolite dome and 
andesite country rocks; 111). mineralised and barren pebble 
dykes that post date the rhyolites; and 1v). tectonic breccias 
of various ages (Padilla ef al., 2001). 


The mineralised Escondida stock is cut by two main fault 
systems, namely: 1). mineralised faults, comprising both a 
north to NNW set and an associated secondary WNW trend; 
and 11). NE trending, dextral displacement post- 
mineralisation faults (Padilla et al., 2001). 


The mineralised faults of the north to NNW trending set 
have an average strike of 350° (varying from 340° to 20°), 
parallel to the main Domeyko Fault Zone. There are five 
main faults in this system in the mine area, the Ferrocarril, 
Portezuelo, Ortiz, Panadero and Zaldivar faults (Figs. 2 
and 3). The two faults to the west, the Ferrocarril and 
Portezuelo, dip east, while the remainder, which are to the 
east, dip west (Fig. 3). At around the level of Fig. 3, these 
faults are represented by corridors of brittle, cataclastic 
deformation, ranging from 50 to 250 m in width. Each has 
associated parallel zones of strong alteration carrying veins 
with early quartz-sericite and late advanced argillic 
alteration. In addition, the majority of the pebble dykes 
and late barren rhyodacitic dykes have the same NNW 
preferred orientation. Each of the main fault zones is 
composed of a series of discrete, parallel, undulose planes 
of fractured rock and gouge which have maximum strike 
lengths of <1 km and are up to 0.5 m thick. The continuity 
of each of the main fault zones results from the persistent 
development of the parallel, overlapping planes throughout 
its length. These faults are more continuous within the 
andesitic country rocks than within the intrusives, The 
secondary WNW trending set of mineralised faults strike 
at between 290° and 340°, dip to the south and are parallel 
the cross-orogen Archibarca lineament (Figs. 1, 2 and 3) 
(Padilla e? al., 2001; Richards et al, 2001). 


The NE trending, dextral displacement post-mineralisation 
faults dip at 60° to 70°S and are characterised by a series 
of thin, 0.3 m thick, continuous and highly fractured zones 
of red clay gouge with sharp contacts. Some are continuous 
over strike lengths of more than 2 km and are current 
pathways of meteoric water. Lateral displacement on these 
fault zones is generally less than 50 m (Padilla ef al., 2001). 


Stress analysis suggests that both the mineralised and post- 
mineralisation faults are related to the dominantly 
transcurrent Domeyko Fault system, with NW-SE and 
WSW-ENE directed maximum compressive stress axes 
respectively (Padilla ef al., 2001). 
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Hypogene Mineralisation 


Hypogene mineralisation and alteration at Escondida went 
through three stages of progressive development. Each 
overprinted the preceding stage and corresponded to a 
separate phase of hydrothermal activity. Understanding of 
the early stages in particular, is complicated by the high 
level, deeply penetrating effects of the third stage, a late 
advanced argillic event, and by the subsequent supergene 
oxidation, leaching and concentration, Both of these late 
events was accompanied by pervasive alteration which 
modified both shallow and deep hydrothermal 
characteristics. In addition, the fact that specific alteration 
minerals may occur in different stages, and different zones 
within those stages, further confuses the issue. The 
characteristics of the stages may be summarised (Fig. 4) as 
follows, from Padilla et at., (2001) and Padilla et al., (2004). 


Stage A Alteration and Mineralisation 


Stage A hydrothermal activity is reflected as both pervasive 
and fracture controlled alteration and mineralisation. Two 
zones of pervasive alteration are evident, specifically, an 
inner potassic and an outer propylitic zone. 


The potassic phase, is lithologically controlled, as follows: 
i). Within the Escondida stock, weak, disseminated 
K feldspar replaces plagioclase phenocrysts and 
groundmass to produce a pink tinge in the rock. Locally, 
significant masses (of the order of cubic metres) have been 
altered to orthoclase, although much of the K feldspar 
alteration 1s found in the vicinity of discontinuous quartz 
and quartz-orthoclase stockwork veins. 11). Within the 
andesitic country rock, mafic minerals in both the 
phenocrysts and groundmass are extensively, and locally 
completely altered, to biotite, accompanied by minor and 
vein controlled K feldspar and anhydrite. Most ofthe biotite 
is fine grained («0.1 mm) and developed tn the groundmass, 
while the larger phenocrysts are commonly only altered in 
their outer fringes. This zone of biotite development 
partially fringes the intrusive with a semi-elliptical/crescent 
shape, grading outwards into propylitic alteration. 
111). At the contact between the Escondida stock intrusives 
and the andesitic country rock, there is a 20 to 40 m wide 
shell of pervasive texture destructive silicification which 
has altered both lithologies, and is interpreted to represent 
a contact metasomatic phenomena. It takes the form of an 
aphanitic, hard and strongly fractured rock, comprising fine 
grained aggregates of <50um quartz grains. This 
silicification is one of the earliest alteration events, cut by 
veins associated with all of the following alteration 
assemblages described below (Padilla er al, 2001). 


Propylitic alteration at Escondida is characterised by the 
I). sporadic conversion of plagioclase to grossular and more 
trequently to epidote and montmorillonite; i1). modification 
of hornblende and biotite to chlorite; iii). partial albitisation 
of plagioclase; and iv). by widespread carbonate and zeolite 
veins. The resultant assemblage comprises epidote, with 
lesser chlorite, montmorillonite, minor biotite and grossular, 
and widespread carbonate and zeolite veins (Padilla ef a7., 
2001). The propylitic zone forms a wide halo around the 
deposit (Fig. 4) and the larger mineralised system in the 


Ae dh DASH Eara] A AA 


142 South America 


district, encompassing all of the significant deposits 
(including Zaldivar-Escondida Norte-Pinta Verde and 
Chimborazo as well as Escondida) over an area of some 
25 x 15 km (Fig. 2) (Richards et al., 2001). 


Veining associated with stage A, which compares closely 
with the A-type veins of Gustafson and Hunt (1975), 
represent the transition from the pervasive phase of 
alteration that dominates stage A, to the more vein 
controlled alteration of stage B. The earliest veins are 
composed of quartz or quartz-orthoclase +biotite anhydrite 
and are currently best preserved at depth to the northwest, 
although relicts can be seen throughout the deposit, re- 
opened by later vein stages. These stage A veins can be 
sub-divided into: 1). Substage A-a - which are strongly 
sinuous, discontinuous (generally <100 mm long, but 1 to 
20 mm thick), have no alteration halo and are filled with 
quartz, occurring mainly within the Escondida stock, but 
also just beyond the contact within andesite country rock. 
11). Substage A-b - which are still irregular, but more 
continuous and less sinuous than substage A-a veins, and 
are filled with quartz-K feldspar tbiotite-anhydrite. They 
are 1 to 30 mm thick and are characterised by halos of pink 
feldspar making the vein margins diffuse and very irregular. 
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lil). Substage A-c - although still irregular, these veins are 
more continuous than either of the preceding veins, with 
lengths ofup to 0.7 m and thicknesses of from 10 to 50 mm. 
Their walls are well defined with no alteration selvages. 
They are filled by quartz, accompanied by chalcopyrite and 
bornite. The three vein stages exhibit multiple pulses of 
emplacement, although in most cases substage A-b and 
A-c postdate substage A-a veins (Padilla et al., 2001). 


Mineralisation associated with the stage 4 hydrothermal 
activity was characterised by a magnetite-bornite- 
chalcopyrite assemblage with generally «0.5 volume 96 
sulphides in the potassic zone. However, at a microscopic 
scale, it is common to see stage Á veins opened and cross- 
cut by younger stage veins. Copper grades in zones of 
potassic alteration and only weak overprinting by stage B 
and C alteration and mineralisation, normally have grades 
of <0.3% Cu, although values are dependent upon the 
alteration assemblage. For example, andesites which have 
been pervasively biotite altered, contain up to 2 volume % 
magnetite as generally <60um grains, «0.5 volume % 
sulphides and «0.294 Cu. As the proportion of K-feldspar 
increases, the magnetite decreases and the sulphides content 
becomes higher. Where K feldspar predominates, the rock 


4$'****» Envelope surrounding advanced argillic 


alleration - occurring in velns and as pervasive 
pyrophylite-alunita + pynte-barnite-chalcopyrite 
(enargite-chalcocite-covellite-sphaterite-galena). 


NER 
fo 
if | STAGE -B HYDROTHERMAL ALTERATION 


71 Quartz-Sericite - veins and veinlets 
+ chalcopyrite-pyrite-molybdenite 


E STAGE - € HYDROTHERMAL ALTERATION 


t8000mE 


Sericite-Chlorite - veins and veinlets 
+ chalcopyrite-pyrite(-molybdonlte) 


Biotite to Chlorite - pervasive, fine-gralned 
biotite, overprinted by chlorite 


STAGE - A HYDROTHERMAL ALTERATION 
۱ — Potassic Alteration - K feldspar - veins & 
p K Teldspar-biotite-anhydrite-chalcopyrite- 
omita 


Potassic Alteration - Biotitic - pervasive, 
MA) fine-grained, biotlta-magnetite-bomite-chatcopyrite 


B j | Propylitic Alteration - pervaslve and in veins 
UPS with epldote-calcite-chtorite-grossularite 


3 gg Escondida Stock Granodiorite Porphyry, 
Intruding andesite - outline at 2260۳۳۱۳, overprinted 
by hydrothermal alteration 


NS Main Fault Zone 


0 1 


Scale in kilometres 


Figure 4; Schematic map of the hypogene hydrothermal alteration stages and their distribution in the upper sections of the Escondida 
deposit, prior to the intrusion of the Colorado Chico and Cerro Sureste rhyolites. The outline of the Escondida stock, which precedes, and 
is altered by stages A and B, is also shown. See Fig. 3 for the location of the Colorado Chico and Cerro Sureste rhyolites, which fall within, 
but postdate and displace stage B alteration. The envelope surrounding stage C advanced argillic altcration, which was formed after the 
emplacement of, and overprints the rhyolitcs, is also indicated. Modified after Padilla ez al., (2001). 


contains closer to 0.5 volume % sulphides, comprising 90% 
chalcopyrite and <10% bomite of 20 to 600 um grain size, 
and grades of <0.1 to 0.3% Cu (Padilla et al., 2001). 


Within the propylitic zone, pyrite is the dominant sulphide, 
although locally there are small volumes of veins carrying 
both pyrite and chalcopyrite. Grades are generally <0.1% 
Cu (Padilla et al., 2001). 


To date no high grade potassic core has been encountered, 
with all holes below the zones of overprinting stage B and 
C veining being low grade (~0.2% Cu) and low fracture 
density (0.2/cm), in contrast to the high fracture densities 
(1/cm) where the system is cut by the veins of stages B and 
C (Padilla er al., 2001). 


Stage B Alteration and Mineralisation 


Stage B hydrothermal activity produced predominantly 
fracture controlled alteration and mineralisation, with the 
alteration concentrated in selvages adjacent to veinlets. Two 
successive alteration assemblages were developed, 
specifically an earlier chlorite-sericite tquartz, and a later 
quartz-sericite stage. 


The assemblages produced by chforite-sericite alteration 
are dependent upon the pre-alteration mineralogy of the 
intrusive and country rocks. Within biotite altered andesite, 
disseminated and vein controlled chlorite-sericite replaces 
biotite. Within the Escondida stock, there is a selective 
alteration of biotite and other mafic minerals and of stage A 
K feldspar to chlorite-sericite, accompanied by the 
introduction of smaller volumes of chlorite in fractures and 
re-opened earlier veins. In general, this process is texture 
preserving, except in the cores of veins and their immediate 
inner alteration halos. Towards the outer margin of the 
chlorite-sericite zone, mainly in andesites, chlorite 
predominates, while sericite is more prevalent closer to the 
stock. The chlorite-sericite zone is 1 to 2 km wide and 
open to the NE and SE of the deposit. The fracture density 
in this zone is moderate and the alteration is a dark to pastel 
green colour. 


Substage B-a veining is associated with the chlorite-sericite 
alteration phase. These veins cut or re-opened stage A veins 
and have lengths of from a few tens to 500 mm, with 
thicknesses of <10 to 30mm. As such they are more 
continuous than the stage A veining, although their margins 
are still irregular and diffuse, and they are sinuous with 
branching geometries. Within andesite, substage B-a veins 
have a <10 mm core filled by sulphides and only minor 
quartz, sandwiched by a halo of sericite with subordinate 
chlorite, grading out into predominantly dark green chlonte 
(Padilla et al., 2001). 


The quartz-sericite assemblage represents the dominant 
alteration within the core of the deposit and is located 
mainly in the southeastern portion of the Escondida stock, 
and in the adjacent andesites, occurring mainly in veins 
andin their selvages. Where most strongly developed, it is 
a texture destructive alteration, with intense substage B-b 
and B-c veining cutting a white sericite-quartz mass in 
which only the quartz phenocrysts of the original porphyry 
are recognisable. These veins, which are composed of 
quartz and sulphides, are usually more than 200 mm up to 
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] m in length, and vary from 10 to 150 mm in thickness. 
They have irregular selvages, with a mottled pastel green, 
dark grey and white colouration, and grade from intense 
(texture destructive) to moderate to weak (where original 
rock textures are recognisable) quartz-sericite alteration 
(Padilla et al., 2001). 


Within the stage B alteration zone, the average sulphide 
content increases to as much as 2 volume %, with 
chalcopyrite being dominant, accompanied by lesser pyrite 
and minor molybdenite, for a chalcopyrite:pyrite ratio 
of 3:1. Where best developed, hypogene grades vary from 
0.4 to 0.6% Cu. Substage B-a chlorite-sericite +quartz veins 
in andesite carry up to 20% of 50 to 500j1m sized sulphides 
in thin veins, while their halos have <2% sulphide which 
are «30jun. Within the Escondida stock, quartz of the 
quartz-sericite substage B-b and B-c veins carries very fine 
sulphides in <20um cracks between grains, and as up to 
900um diameter sulphides within quartz crystals. Within 
the intense quartz-sericite halos there are up to 10% 
sulphides that vary from 50 to 600um across, grading 
outwards to 2% as 30 to 3001m grains in the weakly altered 
fringes. The substage B-c veining represents the final phase 
of the stage B hydrothermal activity. It is characterised by 
dominant white sericite and pyrite within the core of the 
deposit and along the main fault zones, and has up to 5% 
sulphides, with the chalcopyrite:pyrite ratio being reduced 
to 1:3. The vein filling is commonly subhedral to euhedral 
pyrite with diameters up to 3 mm (chalcopyrite), embraced 
by a quartz-sericite halo (Padilla et al., 2001; Padilla et al., 
2004). 


Stage C Alteration and Mineralisation 


Stage Cis the final, two pulse hypogene hydrothermal event 
at Escondida, dated at 36 and 34 Ma respectively. It is 
characterised by polymetallic sulphide veins that vary in 
width from a few millimetres to 3 m, and are oriented at 
320°. Both pulses post date the emplacement of the 
Colorado Chico and the Sureste rhyolites, while stages A 
and B were entirely prior to these rhyolite intrusions (Padilla 
et al., 2001; Padilla ez al., 2004). 


Stage C represents acid-sulphate alteration that affected the 
andesites, Escondida stock and the two rhyolites. Its 
distribution is controlled by the main fault zones, and by 
the contacts between the rhyolites and the intruded rocks. 
The alteration is defined by pyrophy lite, alunite and quartz, 
the presence of banded quartz veins and abundant sulphides. 


The mineral assemblages encountered within this stage, 
commenced with substage C-a comprising quartz-pyrite- 
enargite, followed by substage C-b of bornite-chalcopyrite- 
pyrite, then substage C-c of sphalerite-pyrite, and locally 
developed substage C-d containing pyrite-molybdenite. 
Padilla ef al, (2001) note that each of these substages 
largely includes the re-opening of veins mineralised during 
the previous substages to emplace a new layer. They further 
added, that not all of the stage C veins carried the full 
paragenetic assemblage, although all contain pyrite. At 
the margins of the veins there are bands of fine grained (up 
to 500 um) sugary quartz and fine grained, semi-translucent 
quartz (<70um) that are «10 to 100 mm thick. 
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Beyond the walls of these veins, finely disseminated pyrite 
is found within the pervasive acid-sulphate alteration. All 
ofthe preceding were deposited in association with sericite 
and pyrophyllite, but in the absence of alunite, The terminal 
advanced argillic phase is substage C-e, marked by pyrite- 
alunite, in veins that are locally brecciated and cemented 
with alunite (Padilla e? al., 2001; Padilla et al., 2004). 
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Where stage C veining intersects veins containing copper 
mineralisation emplaced during an earlier stage, the 
copper grade is normally enhanced to be from 0.6 to 
>1% Cu and the pyrite:chalcopyrite ratios are 75:1 
(Padilla et al., 2001; Padilla et al., 2004). Stage C veins 
have been compared to the D-type veins of Gustafson and 
Hunt (1975) (Ojeda, 1990). 
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Figure 5: Geology, alteration and mineralisation on section 16 450 mE of the Escondida deposit. 


Sce Figs. 3 and 4 for location of the section. Modified after Padilla ef al., (2001). 
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Chronology and Paragenesis 


Field relationships show that the stage A alteration and 
mineralisatton, overprints the Colorado Grande and 
Escondida intrusives of the Escondida stock. The ages of 
the intrusives and the stage A alteration are in the 
approximate range of 38 to 37.5 Ma. The older limit of 
emplacement of the Colorado Chico rhyolite overlaps with 
the younger age of the Colorado Grande porphyritic 
granodiorite, suggesting the system evolved over a 
relatively short time frame. However, stage B hydrothermal 
activity is shown by field relationships to post date stage A, 
but to predate intrusion of the Colorado Chico rhyolite dome 
(Padilla et al., 2004). 


Dating ("Ar/?Ar) of alunite samples from polymetallic 
veins cutting the Colorado Chico rhyolite dome has 
provided ages of 35.7 10.3 and 35.2 40.3 Ma, while Re-Os 
dating of molybdenite of substage C-d yielded an age of 
33.7 ۳0.3 Ma indicating that stage C represented a separate 
hydrothermal event at the Escondida deposit. Stage A 
biotite from veins apparently reheated by the Colorado 
Chico rhyolite dome returned a “Ar/*Ar age close to 
36 Ma. The emplacement of the Cerro Sureste rhyolite 
has not been unequivocally dated, with ages of 
34.7 +۱۰7 Ma and others suggesting a date of between 36 
and 34 Ma, suggesting it may be contemporaneous with 
the Colorado Chico rhyolite and the first pulse of stage C 
hydrothermal activity. However, the oldest ages of the late 
barren rhyodacite that cut the Cerro Sureste rhyolite overlap 
with the upper ages of the molybdenite, suggesting 
emplacement near 34 Ma (Padilla et al., 2004). 


Hypogene copper grades associated with stage A potassic 
alteration, with little input from stages B and C, are typically 
<0.3% Cu. However, in areas of intense chlorite-sericite 
and quartz-sericite overprint, grades are, on average, 
between 0,4 and 0.6% Cu, and locally where stage C veins 
cut earlier stage mineralisation, the hypogene grades may 
reach 1% Cu (Padilla el al., 2004). 


Isotopic data indicate that stages A and B alteration and 
mineralisation was related to progressively evolving 
magmatic hydrothermal fluids, and that stage B introduced 
new copper, rather than redistributing stage A metal. 
Isotopic data also suggests the progressive introduction of 
meteoric water to the hydrothermal] system from the end of 
stage B and through stage C. The same data indicates that 
the early phases of stage C, particularly the pre-alunite 
pyrite-enargite and sphalerite-pyrite substages, involved 
leaching and redeposition of metal from the earlier stages 
of mineralisation. However, the isotope data from galena 
in alunite bearing veins imply both leaching of earlier 
sulphides and the addition of sulphide from outside of the 
system. It is therefore considered that the emplacement of 
the post-Escondida stock rhyolitic magmas and the younger 
copper-barren rhyodacite dykes may have promoted 
stage C hydrothermal activity and advanced argillic 
alteration through the circulation of heated meteoric water 
and leaching of earlier stage A and B sulphides. For full 
data and discussion supporting this paragenesis and these 
conclusions, see Padilla et al., (2004). 
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Supergene Mineralisation 


The Escondida deposit has a thick, areally extensive, and 
well developed supergene sulphide enrichment blanket, 
with an average grade of more than 1.1% Cu, based on a 
0.3% Cu cutoff. In 1999, this blanket accounted for 65% 
of the total resource at Escondida. This enrichment blanket 
ts overlain by a leached cap with associated zones of oxide 
ore and perched/residual supergene sulphide blankets 
(Padilla er al., 2001). 


The major Domeyko Fault (West Fissure) Zone structures 
were reactivated after deposition of the hypogene 
mineralisation to downthrow a block between the 
Portezuelo and Panadero faults (Figs. 3 and 4) containing 
the core of the hypogene orebody. Uplift, erosion, oxidation 
and lowering of the water table in an arid climate led to the 
development of a downward migrating leached cap and 
underlying supergene sulphide enrichment blanket between 
18.0 and 14.7 Ma, possibly principally controlled by 
reactivation of the NW trending set of faults (Ojeda, 1990). 


Supergene Enrichment Blanket 


The supergene enrichment blanket has dimensions of 
approximately 4.5 x 1 km, and varies from a few metres to 
500 m in thickness (Figs. 3 and 5), with the long axis 
oriented NW, parallel to the main direction of cross faulting 
(Ojeda, 1990). The upper horizon of the blanket ts sub- 
horizontal, offset vertically in several places across fault 
zones, while the lower limit is irregular, making the 
thickness variable (Padilla er al., 2001). Highs and 
depressions in the base of the blanket tend to be elongated 
parallel to the same NW fault trend, although secondary 
north-south and east-west elongations of highs and lows 
are also observed (Ojeda, 1990). Depressions in the base 
of the blanket are also related to fault associated fracturing, 
influencing the downward access of meteoric water. In 
general, grades within the blanket vary from 0.3% to >2% 
Cu, and in places may exceed 3.5% Cu. The high grade 
enrichment ore resource averages over 1.1% Cu, with 
substantial additional tonnages of lower grade 0.6 to 
0.7% Cu (Padilla et al., 2001; BHP Billiton, 2003). 


Enrichment ore has been defined by the presence of 
chalcocite and covellite equal to, or greater than, 10% of 
the total contained sulphides (Ojeda, 1990). Sulphides 
occur as disseminations and in veins and include chalcocite, 
covellite, and minor digenite and idaite, replacing 
grains of bornite, chalcopyrite and pyrite. Chalcocite is 
found throughout the full thickness of the blanket, with 
the upper portion of the zone of strong enrichment being 
dominated by whitish grey chalcocite, probably mostly 
djurleite. Covellite and digenite appear near the middle 
and increase in volume downward. As the abundance of 
supergene digenite(-anilite) increases downwards, 
chalcocite(-djurleite) rims on pyrite decrease in thickness. 


The generalised zonation of sulphides from hypogene ore 
at the base of the blanket to the top is as follows: 
chalcopyrite 4 covellite > digenite(-anilite) ب‎ dyurleite(- 
chalcocite) (Alpers and Brimhall, 1989). 
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Alpers and Brimhall, (1989) noted that supergene alteration 
at Escondida has resulted in the development of kaolinite, 
gypsum and alunite from the destruction of feldspars, 
chlorite, biotite and anhydrite. They add that supergene 
kaolinite is rare to absent from the zones of original 
pervasive advanced argillic alteration and the mixed quartz- 
sericite and advanced argillic assemblages, but increases 
in depth in the mixed quartz-sericite - potassic zones, 
probably as a result of the absence of the feldspars, chlorite 
and biotite that kaolinite replaces due to hypogene 
alteration. They also reported that supergene kaolinite 
alteration and dissolution of hypogene anhydrite persisted 
to depths several hundred metres below the top of the 
enriched sulphide blanket, and well below the base of strong 
copper enrichment, The influence of these supergene 
processes persisted into zones of only poorly enriched 
protore, which have never-the-less, experienced measurable 
changes to characteristics, such as mineralogy, density and 
porosity. Supergene alunite is distributed throughout the 
advanced argillic and quartz-sericite zones. It occurs as 
cryptocrystalline veins and fracture coatings up to 10 mm 
thick, and as fine grained disseminations, and persists to 
50 m below the top of the enriched sulphide blanket. 
Supergene alunite has been extensively replaced by jarosite 
within the leached cap (Alpers and Brimhall, 1989). 


The zone of highest grade and thickness of enriched ore 
corresponds to the interval of highest hypogene grade, 
associated with the greatest intensity of hypogene 
stockwork mineralisation. This zone is located within the 
downthrown block between the Portezuelo and Panadero 
faults, where strong quartz-sericite and advanced argillic 
events overprint early potassic alteration (Ojeda, 1990; 
Padilla ef al, 2001). In this interval, chalcocite reaches 
7 to 8% of the rock volume, and accounts for 90% of the 
copper sulphides (Ojeda, 1990). The chalcocite(-djurleite) 
has virtually replaced all of the hypogene chalcopyrite and 
bornite as well as some of the pyrite. The content of pyrite 
is very variable through the profile due to the presence of 
pyritic veining (Alpers and Brimhall, 1989). 


Leached Cap 


The supergene sulphide enrichment blanket at Escondida 
is overlain by a thick zone of leaching, the upper limit of 
which is essentially the current land surface, below a thin 
cover of superficial gravels. lts base varies from a few 
metres below the surface to depths of more than 200 m 
over the main supergene enrichment blanket. The peaks 
of the higher hills prior to mining were originally more 
than 350 m above the enrichment blanket. The leached 
capping, as currently exposed, represents an earlier 
supergene enriched blanket which has been leached as 
uplift, oxidation and leaching progressed and the zone of 
enrichment moved correspondingly downwards. Strong 
leaching of the preceding hypogene and supergene copper 
sulphide mineralisation has left residual values of «100 to 
600 ppm Cu and 10 to 480 ppm Mo in the capping, within 
a porous rock devoid of hypogene sulphides, but containing 
variable amounts of limonite in their place. The 
composition of the limonite has a good correlation with 
the supergene grades and thicknesses of the underlying 
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supergene blanket. Hematite generally predominates above 
the thicker and higher grade central sections of the 
enrichment blanket, indicating leaching from an earlier 
chalcocite enrichment blanket. Jarosite is the principal 
oxide over the thinner zones of lower grade, which are 
found mostly on the margins of the blanket, overlying the 
pyritic fringe ofthe hypogene mineralised system. Goethite 
overlies the oxide ores in the western part of the deposit 
(Alpers and Brimhall, 1989; Ojeda, 1990; Padilla et al., 
2001) 


A study of the limonite of the leached cap allows the 
reconstruction of the earlier, now leached enrichment 
blanket. This former blanket contained a number of 
restricted zones of >1.5% Cu, with a cumulative surface 
area of «0.2 km?. By comparison, the area averaging > 1.5% 
Cu in the current enrichment blanket is more than 2.0 km", 
emphasising the process of cumulative downward 
enrichment, from the original lower grade hypogene 
mineralisation, through progressive stages of supergene 
enrichment and leaching (Alpers and Brimhall, 1989). 


The leached capping at Escondida, like many developed 
over porphyry copper mineralisation in the central, most 
arid portion of the Atacama desert, have been subjected to 
superleaching. This process involves significant 
modification by the remobilisation of quartz and other rock 
constituents, and the removal of limonite from relict 
sulphide cavities. The process is believed to be related to 
the cyclic migration of the salts abundant in the upper 1 to 
3 m of the soil profile in that part of the Atacama desert. 
These salts are apparently transported by capillary action 
in the soil and the upper parts of weathered bedrock, being 
dissolved and then re-precipitated. The crystallisation 
within fissures and cavities causes a fracturing of the rock 
mass, much like "ice-wedging", the modification of these 
openings, and the “plucking” of limonite after sulphides. 
The salt dissolution is also believed to promote chemical 
modification of the rocks involved. In the leached cap at 
Escondida, this process is interpreted to have resulted in 
the destruction of much of the surface evidence of hematitic 
"live limonite", which is diagnostic of leached chalcocite 
(Lowell, 1991). 


Perched Enriched Sulphide Lenses 


Intervals of perched or residual supergene sulphide 
mineralisation have been encountered within the leached 
cap, and are the result of incomplete leaching of the earlier 
supergene blanket. Thicknesses encountered in drill holes 
vary from 0.] to 30 m and usually correspond to enriched 
thick stage C massive sulphide veins or to fault zones above 
the current sulphide blanket (Ojeda, 1990). 


Oxide Ore 


A NW oriented 1500 x 200 m zone of copper oxide ore 
was developed on the southwestern margin of the Escondida 
stock (Fig. 3), over a thickness of 50 to 200 m. Grades 
vary from 0.2 to 1.5% Cu (Padilla et al., 2001), although 
the current oxide reserve grade is 0.6595 Cu (BHP Billiton, 
2003). The "oxide" mineralisation comprises a grouping 
of non-sulphide minerals, predominantly oxides, silicates, 
sulphates and carbonates which include brochantite, 


antlerite, atacamite, chrysocolla, ‘copper-wad’ and tenorite. 
It occurs mainly along fractures within andesites which have 
been subjected to hypogene biotite and chlorite-sericite 
alteration, although it also occur in lesser volumes over 
zones of hypogene K feldspar alteration within the 
Escondida stock (Padilla ef al., 2001; Ojeda, 1990). This 
mineralisation is characterised by the absence of sulphides 
and occurs within the zone of oxidation above the supergene 
sulphide enrichment blanket normally occupied by the 
leached cap (Padilla ef al., 2001; Ojeda, 1990). 


Discovery 


The discovery drill hole that cut the Escondida deposit in 
March 1981 was the culmination of the “Atacama Project”, 
first proposed to senior management of Utah International 
Inc. and Getty Oil Co. by J D Lowell in July 1978 (Lowell, 
1991). 


The aim of the Atacama Project was to conduct a grass 
roots exploration program for supergene enriched porphyry 
copper deposits in areas of outcrop and shallow cover in 
the Pre-Andean Range of northern Chile, localised over a 
500 km interval between Calama (Chuquicamata) and Inca 
del Oro (just SW of El Salvador). The joint venture was 
negotiated and signed in January 1979 and work 
commenced soon after under the management of Lowell, 
who reported to a management committee representing the 
partners (Lowell, 1991; Ortiz 1995), 


The project was based on the premise that porphyry copper 
deposits are accompanied by predictable, concentric, zonal 
patterns in which the outer propylitic zone may cover an 
area of up to a hundred times that of the orebody it 
surrounds. It was also recognised that this target could be 
further enlarged, as many porphyry deposits are surrounded 
by a halo of peripheral polymetallic occurrences and 
deposits that form clusters (defined as 2 or more occurrences 
per square mile). This expanded the target area by a factor 
of severa] times. The concept was that, while the deposit 
may be concealed under cover, the peripheral alteration 
and polymetallic halo might be mapped, or detected in 
cheap, shallow, air-core scout drilling, and the predictive 
vectors followed to ore. In addition, the leached cap over 
a supergene enriched deposit would most likely be soft, 
recessive and concealed by younger cover. Within the 
project area there was, what was considered, a favourable 
mix of around 50% pre-mineral outcrop in which to search 
for halos, and 50% pre-mineral rocks sub-cropping below 
relatively shallow post-mineral gravels and volcanics in 
which a concealed deposit might lie (Lowell, 1991), 


Initial work on the project included assembly of data, and 
both aerial and ground reconnaissance, using Joint venture 
staff and local consulting geologists. The project proceeded 
with concurrent regional and local programs. The regional 
work comprised a geochemical survey over the entire 
interval targeted by the project, involving the collection of 
stream sediment samples (sieved to -80 mesh) at 1 km 
intervals along three parallel longitudinal traverses, each 
extending over the whole north-south length of the 30 km 
wide target porphyry belt. This produced some 1400 
samples during 1979, each of which was assayed for Cu, 
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Mo and Zn. Thresholds were established at 80 ppm Cu, 
10 ppm Mo and 100 ppm Zn. Concurrently with the 
geochemical survey, a regional geological map was 
prepared from existing data and new reconnaissance 
mapping. Some 30 anomalies were delineated from the 
geochemistry, while other targets were identified and 
followed up based on known mineralisation, existing data 
and the previous experience of the project team (Lowell, 
1991; Ortiz 1995). 


The 30 regional geochemical anomalies were followed up 
by another 670 stream sediment and soil samples, as well 
as a study of float in sampled water courses. After 
elimination of “cultural” anomalies (due to contamination 
from smelters, mine dumps, known workings, etc.), 
10 anomalies remained, one of which was the Escondida 
district. As anomalies were identified by the regional work, 
they were progressively followed up by district and prospect 
scale investigations. To give protection to the better 
anomalies, approximately 1 million hectares of titles were 
pegged, one of which enclosed the Escondida deposit 
(Lowell, 1991). 


One of the prospects visited on the basis of previous 
experience of project staff was the Escondida district. A 
field visit in August 1979, prior to the results of the regional 
geochemistry, recognised the following favourable 
characteristics: i). the presence of a large, well-zoned 
porphyry copper system with an extensive phyllic zone, 
surrounded by strong propylitic alteration; ii). skarn 
mineralisation and peripheral polymetallic vein 
occurrences; 111). a well developed leached capping, hosted 
by sericitised, alunitised and silicified quartz-feldspar 
porphyry, could be recognised on two hills, surrounded by 
post-mineral cover; iv). while limonite was very sparse in 
much of the capping, in about 20% of samples there was 
evidence of limonite after chalcocite. As with many ofthe 
other occurrences considered, following the field visit, a 
grid was established and 313 leached cap and shallow soil 
geochemica! samples were collected on a 50x100 m grid. 
The grid covered an 1800x1300 m area of the leached cap, 
above the northwestern half of the Escondida supergene 
sulphide enrichment blanket. Copper values ranged from 
10 to 660 ppm, 30% of which were 7100 ppm and 9% 
2200 ppm. Molybdenum values varied from | to 480 ppm, 
with two samples yielding 3000 ppm. Of these, 40% were 
220 ppm and 13% were >50 ppm Mo, the latter being 
regarded as highly anomalous (Lowell, 1991; Ortiz 1995). 


Soon after the August 1979 visit, data from the regional 
geochemical sampling also pointed to the Escondida 
district, and was followed up with a further 50 stream 
sediment samples over a larger area within the district. This 
follow-up indicated stream sediment anomalies of 10 to 
22 ppm Mo in 7 samples over an area of 20 km?, 80 to 
585 ppm Cu in 19 samples over an area of 45 km?, and 
100 to 325 ppm Zn in 21 samples forming a halo around 
the Cu and Mo anomalous zones. These samples confirmed 
the significance of the district, which would have attracted 
attention equally on the basis of either the regional 
geochemistry or from the field inspection based on previous 
knowledge (Lowell, 1991). 
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The area defined by the Cu, Mo and Zn stream sediment 
geochemical anomalism at Escondida appears to broadly 
coincide with the outline of the propylitic alteration zone 
shown on Fig. 2. Ahalo of Zn persisted to the outer margin 
of that alteration, surrounding the less extensive copper 
anomaly that took in the Escondida and southern Zaldivar 
deposits, while a molybdenum high was centred on 
Escondida (Lowell, 1991; Ortiz 1995). For plots of the 
results, see either of these two references. 


The first drilling on the project was commenced in 
September 1979, nine months after the start of the project, 
to test for the primary source of an exotic copper target, 
elsewhere in the project area, not at Escondida. In fact 
some 16 200 m of drilling had been completed on 4 different 
targets in the first two years of the Atacama Project, prior 
to the discovery of Escondida (Ortiz 1995). 


Following the field visits and follow-up sampling in late 
1979, leached cap samples were studied by an expert 
consultant and a geological map was prepared over the 
Escondida-Zaldivar district during 1980. The leached 
capping study did not appreciate the possibility of 
superleaching (see the “Leached Cap " section above), and 
concluded that the samples studied contained tnsufficient 
of the limonite characteristic of cappings associated with 
underlying blankets of high grade supergene chalcocite to 
be of significance. The study also concluded that the 
existence of broad areas of pervasive silicification, scarcity 
of quartz veinlets and the presence of alunite suggested the 
area was probably in the roof zone above a porphyry Cu- 
Mo deposit, with higher grade most likely at a depth of 
around 1 km (Lowell, 1991; Ortiz 1995). 


The district scale mapping established the essential 
geological and structural framework of the district, although 
it overesttmated the extent of the Tertiary tntrusives, 
including some tn the Zaldivar area now known to be highly 
altered Palaeozoic rhyolitic volcanics. The distribution of 
silicate alteration was also delineated and shown to cover 
an area of 80 km?, comprising an outer 2 to 3 km wide 
propylitic halo, which at Escondida, surrounded a 9 x 5 km 
nucleus of phyllic, phyllic-argillic and siliceous alteration, 
with a marginal block of biotite altered andesite on the 
northwestern edge. To the north, at Zaldivar the alteration 
was less intense. The mapping suggested the centre of the 
mineralised system lay under the alluvial cover between 
Escondida and Zaldivar, bounded by zones of phyllic 
alteration found at each of these two centres. The mapping 
also showed that, with the exception of some fracture 
coatings of exotic copper minerals (chrysocolla) in a fresh 
diorite dyke, virtually all outcrop at Escondida was devoid 
of copper mineralisation. Copper sulphates were found at 
200 to 300 mm depths in some isolated pits, and turquoise 
was occasionally noted in the southwestern part of the area. 
In addition, apart from a few shallow pits related to 
supergene aluminium sulphate mining, no historical 
workings were recorded at the time of discovery (Lowell, 
1991; Ortiz 1995). 


By early 1981, Escondida was under secure title and was 
scheduled for drill testing, although it was not the top 
priority prospect at that stage on the Atacama Project. Two 
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targets areas within the district were selected for drilling. 
The first was the gravel covered interval between the phyllic 
zones at Escondida and at Zaldivar, with 5 drill holes at 
] km spacings planned on two lines. The second was the 
area of geochemical anomalism and scattered occurrences 
of good leached capping at Cerro Colorado, located over 
the northwestern section of the Escondida stock and 
supergene sulphide enrichment blanket as now known. 
Four holes at 500 m spacings were planned in this area, 
from the NE to SW, to test for a supergene sulphide 
enrichment blanket. While the 1980 expert study of the 
leached capping advised against the probability of such a 
blanket, the project team’s emerging understanding of 
superleaching persuaded them to still test the possibility 
(Lowell, 1991; Ortiz 1995). 


Air core drilling of the first target was commenced in March 
1981, with 5 holes to depths of 150 to 180 m which 
intersected andesites and porphyries with only weak phyllic 
and propylitic alteration, several percent pyrite and, in two 
holes, 0.2% and 0.25% Cu in the primary zone. The four 
holes into the second target, over Escondida were drilled 
to depths of 300 to 450 m for a total of 1376 m, from March 
13 to 21, 1981. The first, RDH-6, on the northern slopes 
of the Cerro Colorado, intersected 241 m of strongly leached 
capping before passing through 51 m of supergene 
chalcocite averaging 1.51% Cu, underlain by an additional 
0.68% Cu enrichment zone and into a high 
pyrite:chalcopyrite primary zone. The second hole, 
RDH-7, on the southern slopes of the hill passed through 
137 m of leached cap, and then into 73 m of secondary 
chalcocite averaging 0.68% Cu, 55 m at 1.52% Cu and 
37 m of 0.68% Cu. Hole RDH-8 was further south again 
and over the best of the surface leached capping indications. 
It detected a 22 m thick interval of copper oxides assaying 
0.8% Cu and an underlying 25 m of 0.67% supergene 
copper sulphide. The final hole in this program, between 
RDH-6 and 7, and a little further cast, penetrated 365 m of 
intensely leached capping, before intersecting 91 m of 
supergene sulphides averaging 1.30% Cu (Lowell, 1991; 
Ortiz 1995). 


Drilling continued, extending the limits of the supergene 
blanket, culminating in hole RDH-61 encountering 250 m 
of 3% Cu in late 1981. Some 86 drill holes and 117 480 m 
of drilling was required for deposit delineation, and ore 
reserves estimation was completed at the end of 1983 with 
a figure of 1.7 Gt @ 1.59% Cu using a 0.7% Cu cut-off. 
The development of the mine was announced in July 1988 
and construction commenced soon after. The first 
production from the concentrator was in December 1990. 
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CHUQUICAMATA, CORE OF A PLANETARY SCALE Cu-Mo ANOMALY 
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and Geological Staff (of 2003) 
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2Gerencia de Geología, Codelco Norte, Chuquicamata, Chile. 


Abstract - The copper and molybdenum mineralisation of the Chuquicamata deposit has been known 
since the I9" century. The deposit is located within the Codelco Norte District in the Andes Ranges of 
northern Chile, 200 km northeast of the city of Antofagasta. Small miners initially worked the exposed 
oxidised outcrops and high grade oxide veins that were the surface expression of the deposit, although 
industrial scale mining did not commence until 1915 with open pit exploitation of the main disseminated 
oxides. Mining has continued to the present day, currently removing approximately 170 000 tonnes of ore 
and 400 000 tonnes of waste per day. 


Exploration since the 1950s has delineated a resource of 67 million tonnes (Mt) of in situ fine copper at 
Chuquicamata. It has also outlined additional deposits within the district, including the Mina Sur exotic 
accumulation with 5 Mt of fine copper derived from Chuquicamata, and Radomiro Tomic (RT) with a 
potential for 25 Mt of fine copper, representing the northern extension of the main Chuquicamata orebody. 
Further drilling has located additional mineralisation to the southwest at the MM deposit and the Toki 
Cluster. Recent deep drilling in the vicinity of these Eocene-Oligocene age porphyry copper deposits of the 
Codelco Norte District, and new concepts derived from pre-existing information, indicate that Chuquicamata 
is the core and main deposit of an exceptional regional scale anomalous concentration of copper, molybdenum 
and other elements of economic interest, that may be called a “planetary scale anomaly”. Prior to mining, 
this “planetary scale anomaly” is estimated to have contained 125 Mt of fine copper and comprises a 39 to 
31 Ma mineralised belt, largely covered by recent gravels, but partially exposed over a 30 km long, NNE 
trending interval, It is the final product ofa very complex sequence of processes related to tectonic permeability 
and structural architecture, with intrusions and multi-episodic pulses of hypogene alteration and mineralisation, 
and subsequent supergene leaching, oxidation and enrichment. 


The Chuquicamata deposit is hosted by a NNE elongated, tabular, 14x1.5 km intrusive complex, which is 
subvertical to steeply west dipping. This complex, which extends from the Chuquicamata open pit to the RT 
mine, is known as the Chuqui Porphyry (Chuqui Porphyry) and comprises three phases, the East, West and 
Banco porphyries. To the east it intrudes a Palaeozoic igneous-metamorphic basement, Triassic granodiorite, 
sediments and Mesozoic volcanics, while to the west it cuts the 39 to 38 Ma Tertiary Fortuna Intrusive 
Complex, and both to the east and west the 37,3 Ma Elena Granodiorite. The West Fissure, an important 
district scale branch of the regional Domeyko Fault System, is a regional, north-south trending, subvertical 
fault located to the west of the deposit. It exhibits post mineral displacement which splits the Chuquicamata 
deposit, dividing the highly mineralised Chuqui Porphyry to the east, from the barren Fortuna Complex to 
the west. The West Fissure is believed to be Cenozoic in age. It has a complex kinematic history including 
transcurrent and probably reverse movements, and has had a strong structural contro! over the setting of the 
ore hosting porphyries, the mineralisation itself and the post mineral evolution of the Chuquicamata deposit. 
The Messabi Fault-East Deformation Zone, which is recognised on the east and north-east margins of the 
Chuquicamata and RT pits, affects the wall rocks of the Chuqui Porphyry, and produced ductile and semi- 
ductile fabrics, including mylonites and cataclastic flows, and was active before, during and after the intrusion 
of the Chuqui Porphyry, and probably during the early stages of mineralisation. 


Recent work has supported a new synthesis of the geological evolution of this giant deposit, commencing 
with the syntectonic intrusion of the 34.6 Ma East Porphyry as a roughly NNE trending dyke. There is 
evidence that the Messabi Fault-East Deformation Zone, probably associated with a transpressive dextral 
tectonic environment, played a key role in localising this intrusive phase. The East Porphyry appears to 
have been barren or only accompanied by weak, late-magmatic alteration and mineralisation. A more 
pronounced mineralising event was synchronous with the intrusion of the smaller West and Banco porphyries, 
dated at 33.4 Ma. This event produced an intense stockwork of barren “A-type” quartz veins, mostly in the 
northern part of the deposit, with a huge background potassic alteration halo of selective biotitisation of 
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mafics, and secondary potassic feldspar partially replacing plagioclase. This halo affects most of the Chuqui 
Porphyry, carrying weak and mostly disseminated chalcopyrite, pyrite and bomite, while in its outer fringes 
chloritic alteration with pyrite predominates, with little or no copper. The background potassic alteration 
preserved the original texture of the porphyry, adding, depending on the alteration intensity, copper values 
ranging from 0.1 to 0.5% Cu. Following the background potassic alteration, an intense potassic event 
ensued which was responsible for the main hypogene mineralisation stage at Chuquicamata. This intense 
potassic alteration occurred as NNE oriented bands, probably related to repeated reactivation of the Messabi 
Fault-East Deformation Zone. The two resultant alteration assemblages (potassic feldspar-fine quartz and 
grey-green sericite) shared the same locus as earlier pulses, destroying the porphyry textures and adding 
abundant veining and disseminated assemblages of bornite-digenite-chalcopyrite-covellite with cumulative 
grades in the range of 0.6 to 1.2% Cu. Toward the end of the intense potassic event a late pulse of chalcopyrite 
was zonally deposited on its fringes, generating an average grade of 0.8% Cu, and marking the onset of the 
more destructive episodes of phyllic alteration. During the transition from the potassic feldspar-fine quartz 
to the immediately following grey-green sericite phase, a series of massive quartz-molybdenite veins were 
emplaced. This veining produced a tabular, subvertical, north-south to NNE oriented core zone in the 
central-south portion of the deposit, with average molybdenum grades ranging from of 0.1 to 0.2% Mo. 


Clear evidence of brittle-ductile deformation is registered from the period between the early alteration/ 
barren to weak mineralisation stages and the later main poly-episodic quartz-sericitic (phyllic) event. During 
this period, which extended from 33.4 to 31.1 Ma, the deposit was subjected to important tectonic stresses. 
Intense main and late stage quartz sericitic alteration was imposed on a north-south elongated zone in the 
western part of the deposit at 31.1 Ma. This phase obliterated the former mineralogy and generated a 
telescoped, high sulphidation, primary mineral assemblage, with the addition of abundant pyrite and variable 
amounts of digenite, covellite, enargite, chalcopyrite and bomite, representing a significant increase in S, 
Fe, As and Cu. There is evidence to suggest that the copper grades following this last phase of intense 
quartz-sericite alteration largely reflect the distribution inherited from the intense potassic phase with rare 
remobilisation and the addition of no more than 0.3 to 0.5% Cu. Dextral-normal, north-east oriented, 
distributive faulting, e.g., the Estanques Blancos and Portezuelo Systems, produced en echelon, progressive 
“south block down” displacement, finally truncating the ore body to the south, while exposing it close to the 
roots of the mineralised system to the north, in the direction of the RT mine. This was followed by uplift and 
sinistral displacement along the West Fissure juxtaposing the barren block on its western side with the 
orebody to the east. Finally a sinistral-normal north-west fault system was reactivated to produce weak 
segmentation of both the hypogene mineralisation and the West Fissure, while increasing the permeability 
that influenced the subsequent supergene processes. 


Between 19 and 15 Ma the deposit was subjected to at least two leaching, oxidising and enrichment events. 
The first generated a thick, strongly enriched blanket with grades averaging 2 to 3% Cu, which was focussed 
by the late and waning stage quartz sericitic alteration that produced non-reactive rocks with abundant 
pyrite. This blanket extended, although relatively thinly developed, beyond the quartz-sericitic zone, into 
more reactive sectors to the east and north with lesser pyrite and predominantly early potassic alteration. 
Subsequent tectonic uplift lowered the meteoric water table, oxtdising the enriched blanket to produce 
hematitic leached remnants in the quartz-sericite rich lithologies, and high grade copper sulphates in the 
potassic alteration of the near surface in the eastern and northern sectors, which were the target of early 
mining activity at Chuquicamata, Low grade remnants of this oxide cap may still be observed in the northern 
part of the present pit. The leaching, which originated in the phenomenon of sudden downward fluctuation 
of the meteoric water table, also produced exotic mineralisation that was principally transported south from 
the main deposit through a palaeo-channel to form the Mina Sur orebody. 


Introduction 


Historic Evolution of the Mining Operation 


The presently named Codelco Norte District has been 
known for its copper mineralisation since the 19" century, 
although it is most famous for the Chuquicamata deposit. 
Chuquicamata is Jocated 198 km northeast of the port of 
Antofagasta and 18 km due north of the city of Calama, in 
northern Chile, close to the gulch and hills of the same 
name. The district lies within an extensive metallogenic 
belt of large Eocene-Oligocene aged copper porphyries, 
between the El Abra district to the north and the La 
Escondida-Zaldivar cluster to the south (Fig. 2). 


The Chuquicamata deposit was originally exposed at the 
surface as a band of altered and mineralised rock a couple 
of kilometres long and some few hundred metres wide. lt 
branched into several strands before passing beneath gravels 
in the north, while it was structurally truncated to the south. 
Intense fracturing, grading to brecciation, was characteristic 
of the outcropping orebody, particularly at “La Llampera” 
where leached and oxidised surface ore averaged more than 
1.5% Cu, although the same fracturing continued into the 
low grade adjacent zones to the west. The western fringe 
of the deposit was characterised by intense silicification 
and rare to no copper mineralisation. To the east, at Cerros 
de Chuquicamata, early small miners exploited several 
‘metre wide’ veins with average grades of 8% Cu, hosted 


by barren wall rocks. Initially the main orebody was 
believed to dip at 60 to 70° west. The first general resource 
estimation for the Chuquicamata deposit, undertaken in 
1916, projected a potential for 700 million tonnes (Mt) of 
ore with an average grade of 2.0% Cu (approximately 14 Mt 
of in situ fine copper). Today’s estimates have multiplied 
that figure by almost five times to 67 Mt, of which some 
34 Mt of fine copper have already been recovered by mining 
and beneficiation at Chuquicamata. 


Large, industrial scale open pit operations began during 
1915, centred on the eastern part of the La Llampera area, 
on bench C, exploiting oxides (atacamite-brochantite) with 
grades in excess of 1.5% Cu. The ore was processed at the 
Vat Leaching Plant, which has since been adapted and is 
still in use for exotic oxide ore from the current Mina Sur 
mine. Between 1915 and the 1930s the open pit, which 
coexisted with several small scale underground mines, used 
massive extraction techniques initially developed for 
construction of the Panama canal. These included drilling 
blast holes for powder, dynamite and more recently ‘Anfo’ 
blasting and using steam shovels to load trains with 20 tonne 
rail cars that hauled the ore and waste out of the pit. Teams 
of workers advanced the rails as required by the 
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development programming. The train haulage system, later 
to be equipped with larger lateral dumping cars, survived 
to the 1970's, although trucks had been utilised in the mine 
from 1950 for short distance hauling. The trains were finally 
completely abandoned during the 1970's. 


The following statistics provide an insight into the 
characteristics and value of the ore. During 1952 the 
ore:waste ratio was 1:0.6. By 1960, a total of 407 Mt of 
ore had been processed, although the leach tailings of the 
Vat process averaged 0.27% Cu. The treatment of mixed 
ores in the transition from oxides to the sulphide enrichment 
blanket commenced in the early 1930s utilising the Vat 
Plant. Secondary and primary ores were first processed 
through the concentrator during the 1950s when the sulphur 
plant was built. By 1960, 39 Mt of mixed tailings had also 
been processed by the concentrator. Up until the 1960s, 
both production lines, the oxides and sulphides, had been 
of equal importance. Subsequently, Chuquicamata's oxide 
production progressively decreased until it finally ceased 
during 1986. During 1987, a Bioleaching Plant with a 
capacity to produce 18 000 t of fie copper per year was 
commissioned to treat low grade («0.595 Cu) sulphides and 
mixed ores. 
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Figure 1: Location plan showing the fault pattern in northen Chile, the main faults 
of the Domeyko Fault System (heavicr lines) and the major late Eocene to Oligocene 
porphyry Cu-Mo deposits of the region. 
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Figure 2: Location plan showing the Codelco Norte District 
within northern Chile and an acrial photograph with the key 
deposits and prospects within the district. 


Exploration drilling programs, which commenced in 1957, 
discovered the exotic deposit, now known as Mina Sur, 
with potential for 5 Mt of recoverable fine copper. This 
exotic mineralisation was formed by the leaching of 
sulphides at Chuquicamata and transport in solution through 
a palaeo channel to finally be deposited at the basement- 
gravel contact at Mina Sur. The centre of this deposit is 
approximately 2.5 km SSE of the fringe of the primary 
ore, below a totally barren overburden of thick gravels. 


Mining began at Mina Sur in 1967, removing the 
overburden and exploiting exotic ores with average grades 
ranging from 2.0 to 3.0% Cu. These ores prolonged the 
life of the Vat Leaching Plant, although in places fine clays 
made it difficult to recover copper, and although the grades 
were good, such metallurgically complicated material was 
stockpiled and is now known as the ‘Stocks de Alterados 
de Mina Sur’. The rate of production has been 
Incrementally increased to the current 30 000 tonnes per 
day of ore with a grade of 1.5% Cu. To date, close to 2.5 Mt 
of fine copper has been recovered from Mina Sur. 


From the exploration drilling program commenced in 1957 
to the present day, the NNE extension of Chuquicamata, 
mostly concealed below barren gravels and occurring as 
oxidised and sulphide bearing porphyries, has been a target 
for advanced drilling reconnaissance. Those extensions, 
now part of the Radomiro Tomic (RT) deposit, are relatively 
low prade compared to Chuquicamata, but due to the length 
of the mineralised interval (up to 10 km), has potential to 
contain 25 Mt of recoverable fine copper. 


Mining operations were started on the northern side of the 
RT mine during 1995, with production schedules growing 
to the present 180 000 t of ore per day, at an average grade 
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of 0.57 Cu, and processing in a heap/dump leaching facility 
located close to the mine. To the present, 2 Mt of fine 
copper has been produced by that plant. 


A review of production from all of Chuquicamata و‎ facilities 
to 2001 showed that close to 2000 Mt of ore had been 
processed at the different plants, comprising: i). 1300 Mt 
of 1 to 2% Cu sulphides (the tailings from which are in the 
Talabre Dump with grades of 0.2% Cu and 0.08% Mo); 
11). 550 Mt of Chuquicamata oxides treated through the 
Vat Leaching Process with tailings grades of 0.25% Cu; 
and iii). 150 Mt of exotic ores from Mina Sur with a head 
grade of 1.5 to 2.5% Cu, and stock piled tailings of 0.44% 
Cu. Additional high grade resources are available in other 
untreated stock piles. 


The progressive deepening and consequent lateral 
expansion of the Chuquicamata open pit has resulted tn an 
increase in the waste:ore ratio which, in the first 65 years 
of mining had remained very low. Efficient management 
of the additional material which must now be sent to waste 
dumps has been made possible by the intensive use of high 
tonnage trucks, that for newer expansion requirements can 
also remove older train dumps and haul them to more distant 
sites, or even to be retreated. 


In summary, to the present, approximately 34 Mt of fine 
copper has been produced from the Chuquicamata Mine, 
while a fairly well constrained potential resource of 33 Mt 
remains available within the deposit. 


OU ° EX T T: 


Objectives for the Development of an Updated Geological 
Model for Chuquicamata 


By 1995, the geological model generated for the 
Chuquicamata orebody had begun to reveal an 
unsatisfactory degree of certainty in its prediction of grade. 
In addition, it did not have the capacity to project, within 
the necessary high levels of confidence, the geological 
controls on the deeper portion of the deposit below the 
t800 m elevation relative level (RL). At the same time, 
linkage was required between the geology and models of 
the RT mine and the northern extension of Chuquicamata, 
as well as between its southern fringe and the Mina Sur 
extension. Better information was also required to support 
the generation of additional resources to accommodate the 
increasing reserve consumption resulting from the open pit 
expansion program. In particular, the official business plan 
for the year 2001 programmed 2017 as the scheduled end 
of Chuquicamata open pit operations. Consequently, as a 
matter of urgency, efforts had to be concentrated on 
achieving a better mining base figure to continue the 
operational life of the mine. Having these requirements, 
in mind, the Geology Manager and his technical board 
financed and commenced an intensive program of resources 
reconnaissance and updating of the geological model for 
Chuquicamata. 


The strategic approach for the new resources goal involved 
acquisition of a significant quantity of additional 
information from deep drilling and the generation of new 
geological concepts to overcome the inconsistencies and 
weaknesses inherent in the 1995 model. Consequently, 
during 2001, 2002 and 2003 a total of 40 024 metres of 
deep drilling was undertaken within the Chuquicamata pit. 
The data from this drilling confirmed the presence of 
resources of economic significance, mostly below the 
programmed final pit limit, which in the central part of the 
deposit was at the 1800 m elevation RL. With this 
additional data and the generation of new geological 
approaches for logging and using new geological concepts, 
the updating of the geological model of the whole 
Chuquicamata deposit was finally achieved in June 2003 
and presented as the December 2003 Model. 


The December 2003 Model, as discussed and summarised 
in this paper, permitted: 1) the definition of a new set of 
alteration/mineralisation events; 11) allowed the updating 
and more accurate calculation of the copper resource 
inventory for the Chuquicamata deposit; 111) the estimation 
of resources down to the 1660 m elevation RL; iv) the 
projection of potential tonnages to as deep as the 1200 m 
elevation RL, (ie. to 1 km below the 2003 open pit floor). 


The generation and release of the December 2003 
Geological Model provides a better knowledge of the 
controls on copper grade, especially tn the deeper portions 
of the deposit, while also allowing for a greater level of 
confidence in the long term resource calculation. In 
particular, the better understanding of the controls on ore 
in the primary and secondary domains brings the necessary 
support to project copper grades to depth, as well as the 
rock stability conditions and characteristics below the 
scheduled open pit. The December 2003 Geological Model 
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will also provide the required support for the economic 
and mining programs to be developed for the future 
underground mine to profitably exploit Chuquicamata’s 
deep mineral resources. 


Logging and Relogging of Drill Holes 


At an early stage of the modelling program a new method 
of logging and relogging drill core was generated, based 
on a new logging sheet which was the product of 
progressive improvements arising from linked consultants- 
modelling geologists work. 


The logging method is based on the description and 
measurement (in absolute volume percentage) of the 
successive superimposed alteration and mineralisation 
events observed within the deposit. It is performed by 
recording the mineral associations (both ore and gangue) 
representing each event, and the observable contact 
relationships between the individual minerals. The intensity 
of each alteration-mineralisation event is then represented 
in the logging sheet by three specific parameters: 
1) the occurrence of the mineralogical association, 
li) the percentage of textures destroyed by alteration and 
111) the pre-existing minerals replaced by the superimposed 
alteration. In parallel, the effects of leaching, oxidation 
and supergene enrichment are included in a column 
indicating the “mineral zone” that is present with emphasis 
on the primary and secondary sulphide identification and 
discrimination. Due to their relevance, the presence of 
gypsum and anhydrite, or their remnant leaching cavities, 
are registered in the same column. 


Using this approach, geological information was recorded 
from drill core for close to 40 000 m of new drilling 
conducted during the period, while about 50 000 m of 
pre-existing core was relogged, and plotted at a scale of 
1:200. In addition, more than 85 000 m of other historic 
core was relogged at a scale of 1:1000, to provide 
complementary information from specific portions and 
locations within the deposit. This program provided 
geological information from a total of 175 G00 m of new 
and relogged core (at both scales) to generate the 2003 
Model of the Chuquicamata ore deposit, representing 
approximately 50% of the total 353 000 m of drill core 
within the modelled solid. 


Pre-existing drill holes were selected for re-logging on the 
basis of the following criteria: 1) the deepest holes, reaching 
the lower levels of the deposit; ii) the longest and preferably 
lowest angle holes cutting the subvertica! contacts as close 
as possible to normal, and which could also be used to 
define the lateral fringes of the mineralisation; 111) holes 
cutting the ore deposit on each of the 47 established, east- 
west oriented, 100 m spaced, “main sections”. These drill 
sections were subsequently re-interpreted at a scale of 
1:1000. In addition to the information recorded in the new 
logging sheets, as described above, during the interpretation 
of the “main sections” other geological aspects such as tops 
and bottoms, lithological details, copper oxides, etc., were 
reviewed as “thematic logging” for the 144 000 m of 
previously logged core. This information was relevant for 
the local understanding of the deposit and section modelling 
and was appropriately registered. 
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Figure 3: Aerial photograph of the Codelco Norte District operations 


Regional Geodynamic Framework 


Chuquicamata is the main deposit of the Codelco Norte 
District, located in the Precordilleran ranges of Region II 
in northern Chile, and west of the recent volcanic arc of 
the Los Andes Mountains. It is a porphyry style deposit, 
associated with Eocene-Oligocene age magmatic intrusives 
(Maksaev et al., 1988; Maksaev, 1990) emplaced within, 
and related to, the Domeyko Fault System (Maksaev, 1990, 
op. cit.; Lindsay et al., 1995; Tomlinson and Blanco, 1997 
a,b) This regional system of north-south trending faults 
has been interpreted to represent a transcurrent intra arc 
system or a trench-linked strike slip fault system (Sylvester, 
1988), formed by transpressive tectonics which originated 
during oblique Eocene-Oligocene subduction (Lindsay 
et al., 1995; Reutter et al., 1996). 


The Codelco Norte District is part of a major belt of 
porphyry copper deposits aligned along the Domeyko Fault 
System (Fig. 1). This belt extends from Potrerillos-E! 
Salvador to the south to Quebrada Blanca-Collahuasi in 
the north, also including La Escondida. Maksaev and 
Zentilli (1988) determined that those deposits were formed 
during a restricted interval (from 41 to 31 Ma) at the 
culmination of a major compressive event (the Incaic 
Phase), which resulted in shortening, thickening, uplift and 
termination of the widely distributed period of Upper 
Cretaceous to Lower Tertiary magmatism. As such these 
porphyry deposits and their related plutons represent the 
final magmatic activity prior to eastward migration of the 
volcanic arc. This event is interpreted to have provided 
the geodynamic framework responsible for the optimal 
tectonic, magmatic and hydrothermal conditions required 
to generate these huge porphyry copper deposits. 


Geochemical studies of the intrusions related to these 
Eocene-Oligocene porphyries showed them be “I-type”, 


calc-alkaline plutons ofthe Magnetite Series. Their isotopic 
and trace element compositions suggest a deep magmatic 
mantle origin in the Benioff Zone, with a residual garnet 
phase (> 70 km), and subducted oceanic, but no continental 
crustal components (Maksaev and Zentilli, 1988; Maksaev, 
1990). 


Using Ce([V)/Ce(II]) ratios in zircons, Ballard (2001) and 
Ballard er af. (2002), demonstrated that the magmatic 
evolution of the intrusives related to El Abra, Chuquicamata 
and Opache (the Toki Cluster), corresponded to a systematic 
incremental increase in the oxidation state of the magmas, 
culminating in a maximum in the younger felsic phases. 
This incrementing of the magmatic oxidation state is a key 
geochemical factor in the magma’s potential to deposit 
copper mineralisation. Similar conclusions were obtained 
from studies of the Upper Miocene porphyry deposits of 
Central Chile (Garrido et al., 2002). 


Geology of the Codelco Norte District 


The Codelco Norte District constitutes a world class 
porphyry copper cluster (Ossandón and Zentilli, 1997). The 
district includes the deposits of Chuquicamata, Radomiro 
Tomic (RT), Mansa Mina (MM), Toki, Opache and 
Genoveva, and the exotic ores of Mina Sur (Fig. 2). All lie 
within a NNE trending, 30 km long and 10 km wide 
mineralised corridor (Fig. 2). On the basis of production 
records from the mines, drilled reserves and resources, and 
figures from advanced exploration projects (Ossandón and 
Zentilli, op. cit.), it has been estimated that the district 
originally contained a total of approximately 125 million 
tonnes of fine copper, of which close to 38.5 Mt have been 
extracted to date, leaving around 86.5 Mt in situ. A range 
of age dating determinations on the remaining copper 
mineralisation indicate that it was emplaced during a 
restricted time period between 38 and 31 Ma. 


The oldest rocks with the Codelco Norte District belong to 
a Palaeozoic to Lower Triassic Igneous-Metamorphic 
Complex, which outcrops both within the Mina Sur pit, 
and 1 km east of the Chuquicamata Mine. Dioritic rocks 
of this same complex intrude the Carboniferous Mesa 
Granite, a pink, microcline granite with a partially gneissic 
texture (Marinovic and Lahsen, 1984). The Triassic East 
Granodiorite, a coarse to medium grained equigranular 
intrusive (Ossandón et al., 2001), intrudes the Palaeozoic 
Complex due northeast of the Chuquicamata pit and to the 
east of the Radomiro Tomic mine. In the same areas, 
Stratified Mesozoic metavolcanics and metasediments, 
which have been contact metamorphosed, are exposed in 
fault contact with basement rocks and as deformed and 
dislocated lenses along the Messabi Fault-East Deformation 
Zone (Reutter et al., 1996; Lindsay, 1998). 


In the vicinity of the old Carmen Mine, located to the 
northeast of the Chuquicamata pit, and in drill core from 
the eastern fringe of the deposit, the metavolcanics are 
intruded by the East Porphyry, the main lithology of the 
Chuquicamata Porphyry Complex (the “Chuqui 
Porphyry”). The East Porphyry was dated at 34.6 Ma from 
U-Pb in zircon (Ballard et al., 2001). The Chugui Porphyry 
is the domtnant host to the mineralisation at both the 
Chuquicamata and Radomiro Tomic mines and is exposed 
as an elongate, subvertical to west dipping, NNE trending, 
dyke-like intrusive stock with exposed dimensions of some 
14x1.5 km. 


The West Fissure, an important branch of the Domeyko 
Fault System, occurs as a regional north-south trending fault 
that exbibits post ore movement, dissecting the 
Chuquicamata deposit, and separating the intensively 
mineralised Chuqui Porphyry to the east from the barren 
Fortuna Intrusive Complex (39-38 Ma, U-Pb in zircon; 
Ballard 2001), to the west. The West Fissure has been the 
subject of several studies and interpretations focussed on 
its evolution and relationship to copper mineralisation in 
the district (e.g. Maksaev, 1990; Reutter et al., 1993, 1996; 
Lindsay ef al., 1995; Lindsay, 1998; Tomlinson and Blanco, 
1997; Dilles et al., 1997; McInnes ef al., 1999). It is 
interpreted to be Cenozoic in age, but has a complex 
kinematic history, including varying degrees of both 
transcurrent and probable reverse displacement, but with 
severe changes in the sense and direction of movement over 
time. Most of the aforementioned authors agree that the 
West Fissure had a key structural influence on the 
localisation of ore forming processes, as well as being 
responsible for post ore displacement of the Chuquicamata 
deposit. Nevertheless, the detailed geology of the deposit 
indicates that deformation on the fault was predominantly 
post ore and that it took advantage of a pre-existing 
anisotropy that coincided with the latest alteration and 
mineralisation stages, but that the early hydrothermal 
alteration phases were definitely displaced by post ore 
movement on the West Fissure, 


Dilles et al. (1997) and Tomlinson and Blanco (1997) 
concluded that there was a net sinistral displacement of 
35 km over the length of the West Fissure. Their 
conclusions were based on geological, structural, 
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geochronological and petrographic correlations between the 
Fortuna Intrusive Complex and the El Abra Complex. More 
recent studies (Ballard, 2001), using detailed crystallisation 
ages from U-Pb in zircon, zircon heritage and trace elements 
geochemistry, have confirmed the correlation between those 
complexes, supporting the hypothesis that they are part of 
the same batholith sinistrally displaced by the West Fissure. 
The alternative is that they represent two separate magmatic 
centres that are contemporary, or of similar age, derived 
from a common magmatic chamber, without significant 
displacement along the West Fissure. 


The Messabi Fault is the other significant structure in the 
Codelco Norte District, recognised on the east and NNE 
margins of the Chuquicamata pit. In these areas it separates 
the Chuqui Porphyry from wall rocks, mainly Mesozoic 
metavolcanics and meta andesites, but also the Elena 
Granodiorite (37.7 Ma, U-Pb in zircon; Ballard, 2001), that 
is generally believed to be a precursor of the Chuqui 
Porphyry due to its age, the petrographic similarity of the 
two intrusives and their gradual and diffuse mutual contacts. 
The Messabi Fault Zone exhibits a ductile to semi ductile 
deformation fabric, including mylonites and cataclastic 
flows with dextral kinematic indicators, as described by 
Lindsay et al. (1995) and Reutter et al. (1996). These 
authors offered evidence that the fault was active before 
and after emplacement of the Chuqui Porphyry, and 
probably also during the early stages of mineralisation, 
implying the Messabi fault played a key role in the location 
and formation of the deposit. This is in part consistent 
with the previously developed hypothesis presented by 
Maksaev (1990), which proposed that the West Fissure and 
Messabi Fault represented an active extensional duplex 
(step over or pull apart types), resulting from the dextral 
translational movement on both structures, providing a 
favourable focus controlling the emplacement of both the 
Chuqui Porphyry and the processes influencing formation 
of the Eocene-Oligocene mineralisation. 


Geology of the Chuquicamata Deposit 


Chuquicamata is a 4000 m long, NNE elongated deposit, 
widest in the north (900 m), tapering to the south (300 m). 
The known vertical extent of economic grade mineralisation 
is 1800 m, extending to about 1000 m below the floor of 
the current pit. Mineralisation of the same grade remains 
open at depth below this level, 


Chuquicamata Porphyry Complex 


The Chuquicamata ore deposit is hosted entirely within the 
Chuquicamata Porphyry Complex (the “Chuqui 
Porphyry’). This complex is divided in three main textural 
varieties, the East, Banco and West Porphyries. The East 
Porphyry is, volumetrically, by far the most important. 


The Chuquicamata Porphyry Complex has the form of a 
large dyke like intrusive stock, widest in the north (900 m), 
while it is structurally tapered to the south. It is bounded 
by important faults, namely: the West Fissure, to the west; 
the East Deformation Zone to the east and the Portezuelo 
Fault to the south of the deposit (Fig. 4), where it persists 
as a 30 to 40 m thick, structurally wedged, tabular sliver 
along the West Fissure before finally being truncated. At 
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depth, in the same area, where it is represented by the East 
Porphyry, it is structurally wedged to a width of only a few 
metres. To the north, the complex is continuously exposed 
over a length of several kilometres, through the Chuqui 
Norte Project area, into the Radomiro Tomic minc. 


The East Porphyry varies in composition from granodiorite 
to biotite quartz monzonite, with phaneritic to incipient 
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Figure 4; Geology and structure on the 2200m RL, bench Q3, 
of the Chuquicamaia Mine. 


porphyritic textures within a medium grained fabric. It 
contains sparse to increasingly abundant centimetric 
megacrysts of K feldspar, accompanied by subhedral to 
euhedral plagioclase, producing a poikilitic texture with 
interstitial quartz, K feldspar, subhedral biotite and rare 
hornblende. Magnetite, titanite and zircon are accessories. 
The crystallisation age of the East Porphyry was dated at 
34.6 Ma by U-Pb in zircon (Ballard et al., 2001). 


The East Porphyry is locally intruded by smaller bodies of 
Banco Porphyry and West Porphyry, both of which are 
preferentially located in the northern part of the deposit. 
These two porphyries have a similar composition to that of 
the East Porphyry, but are distinguished by their bimodal 
textures, which are clearly porphyritic, within fine aplitic 
ground masses. Although the Banco and West porphyries 
are similar, the Banco is characterised by the presence of 
plagioclase in its ground mass. In addition, the Banco 
Porphyry occurs in the form of dykes and its contacts with 
the East Porphyry are both sharp and regular. In contrast 
the West Porphyry bodies have more irregular shapes with 
diffuse gradational contacts with the East Porphyry. 


The crystallisation ages of the West and Banco porphyries 
are similar (33.5 Ma and 33.3 Ma respectively from U-Pb 
in zircon determinations; Ballard et al, 2001). The final 
copper grade distribution is not influenced by the presence 
of Banco and West porphyries, although locally these 
lithologies may correspond to small zones of lower grades. 
Both the Banco and West porphyries are crosscut and 
overprinted, to the same intensity, by the same main 
alteration and mineralisation events as the East Porphyry, 
Consequently, the Chuqui Porphyry as a whole is 
considered to be essentially “pre-mineral” with respect to 
the main mineralising events that were responsible for the 
formation of the deposit. Nevertheless, as the West and 
Banco porphyries are similar in age to the early pulses of 
alteration, the porphyries could represent the locus of late 
magmatic alteration, chloritic and potassic halos and 
mineralisation. 


Wall Rocks to the Chuqui Porphyry 


The Chuqui Porphyry is truncated on its western margin 
by the West Fissure, separating it from the locally weakly 
mineralised to totally barren Fortuna Granodiorite 
Complex, which has been dated at 39-38 Ma (U-Pb in 
zircon; Ballard, 2001). The Fortuna Complex occurs as a 
stock of hornblende-biotite granodiorite which has a 
medium to coarse grained phaneritic texture with local 
variations, specifically the Grey and Clear Granodiorites, 
and the San Lorenzo Porphyry. Close to the West Fissure 
this intrusive is brecciated and sheared with abundant calcite 
and hematite veining. The mafics are generally chloritised 
by low intensity alteration which is not clearly related to 
the mineralising events occurring within the neighbouring 
Chuqui Porphyry. In places, some deep zones, located 1 to 
2 km west of the West Fissure, and related to the San 
Lorenzo facies of the Fortune Granodiorite Complex, 
contain weak potassic alteration (secondary biotite and 
K feldspar), accompanied by low grade, late magmatic, 
mineralisation (pyrite, chalcopyrite and molybdenite). 


On the southeastern margin of the deposit, the Chuqui 
Porphyry has a diffuse, gradationa! contact to the east with 
the Elena Granodiorite. The two intrusives are 
macroscopically similar and their relationship is 
controversial. The only petrographic difference is the 
absence of K-feldspar macrocrysts in the equigranular Elena 
Granodionte. Nevertheless, during the generation of the 
2003 Geological Model the contact was traced and 
modeiled with some confidence following the recognition 
that it constitutes a poly-episodic brittle-ductile deformation 
zone of variable thickness which is continuousl y developed 
along the entire eastern flank of the deposit. This zone, 
now termed the East Deformation Zone (see ‘Structure’ 
below) encompasses a complex of mylonites, cataclasites 
and cohesive fault breccias, which have probably undergone 
recrystallisation, and encroaches into both the Elena 
Granodiorite and the East Porphyry. The East Deformation 
Zone was logged in past drill holes and in newer deep 
drilling and carefully interpreted from section to section, 
in plans and in the solid model, making a detailed 
delineation of the contact between the Elena Granodiorite 
and the East Porphyry possible on the central and southern 
margins of the Chuquicamata deposit. 


The Elena Granodiorite is also recognised on the northwest 
flank of the deposit as a structural wedge sandwiched 
between the Chuqui Porphyry and the Fortuna Granodiorite, 
bounded by the West Fissure and the northeast striking Kala 
Fault (Fig. 4). The remaining geological aspect of the Elena 
Granodiorite’s occurrence yet be clarified is its age. Older 
studies assigned it a doubtful Mesozoic age, based on 
radiometric Pb-o in zircon and K-Ar in biotite (Ambrus, 
1979; Lindsay et al., 1995; Ossandón et al., 2001). Amore 
recent and comprehensive study using U-Pb in zircon, 
returned a crystallisation age of 37.7 Ma (Ballard, 2001). 
This more recent age, in conjunction with the petrographic 
and geological relationships mentioned above, suggest the 
Elena Granodiorite may be a precursor intrusive to the main 
Chuqui Porphyry. 


Overall, the Elena Granodiorite is barren, although its mafic 
minerals are usually chloritised and it locally contains minor 
disseminated pyrite. On the southern margin of the deposit, 
rare specularite +chalcopyrite has been observed locally 
as breccia mineralisation, with pyrite in “D-type” veinlets, 
similar to, and probably representing late pulses of the 
Chuquicamata mineralisation system. 


In the northern half of the deposit, the East Porphyry ts 
exposed in intrusive contact with metavolcanics and 
metasediments on its eastern margin. These stratified 
volcanics and sediments are part ofthe Mesozoic sequence, 
and occur as lenses or structurally dislocated zones which 
have been intensely deformed and folded, with locally 
developed mylonites and chloritised tectonic breccias. The 
style of deformation suggests a correlation of this northern 
tectonised zone with both the East Deformation Zone 
recognised on the central and southern margins of the 
deposit and also with the Messabi Fault to the north. In 
general, these metamorphic rocks are barren, although in 
some recent deep drill holes the metavolcanics and 
metasediments have ore grade copper intersections of 
chalcopyrite and magnetite bearing skarn. 
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Structure 


The most detailed structural studies of the Chuquicamata 
deposit are incorporated in Lindsay et al., (1995); Reutter 
et al., (1996) and Lindsay (1998). Nevertheless, due to tts 
complexity, the structural control of the mineralisation and 
alteration in all of the different stages is an important 
geological feature not yet clearly understood. This 
incomplete understanding is also due in part to the 
variability in quality of the historic data, the lack of systemic 
bench mapping in the past, and the failure in general to 
record age relationships between the huge number of 
structures seen m the pit and their relation to alteration and 
mineralisation. At present therefore, only the general 
framework of the structural geology of Chuquicamata is 
appreciated, based mainly on the principal structures. 


The following paragraphs describe the most relevant 
structural features in the deposit, in chronological order. 
Strike directions are quoted relative to the Chuquicamata 
mine grid. 


Brittle-Ductile NNE Shear Zones (Messabi System) 


This group includes the East Deformation Zone, the 
cataclastic zones that control the distribution of Intense 
Potassic Alteration (detailed below), and probably the 
Americana, C-2 and Zaragoza faults. This NNE trending 
system is the earliest set observed at the deposit and 
probably controlled the intrusion of the Chuqui Porphyry 
and the earliest stages of mineralisation relevant to the 
copper content of the deposit. 


The East Deformation Zone have been recognised and 
interpreted with spatial continuity along the central and 
southeastern margins of the deposit. It forms the contact 
between the mineralised Chuqui Porphyry and the Elena 
Granodiorite. The understanding of this important 
structural feature is one of the most significant conclusions 
that has arisen from the new model of Chuquicamata. It is 
a complex zone encompassing cohesive bands of mylonites, 
cataclasites and recrystallised fault breccias, all of which 
have variable thickness, but dip steeply (~80°) to the west. 
The breccias include fragments of the different intrusive 
lithologies the structure cuts, as well as quartz, (probably 
from the early stages of mineralisation), incorporated within 
a recrystallised matrix of chlorite, feldspar and magnetite 
which has been derived from an igneous protolith. The 
ductile, penetrative fabric of the mylonites has been 
superimposed on the breccia texture. Both lithologies 
bounding the structure are cut by later veinlets and small 
breccias of specularite, with traces of pyrite and 
chalcopyrite. In places the mylonites are cut by late, 
undeformed epidote veinlets. The cataclasites represent 
intervals of less intense tectonic activity. These different 
structural fabrics reflect a strong variation in the degree 
and locus of deformation along the strike length of the East 
Deformation Zone, which in turn displays a variability in 
its geometry. In the southern sections ofthe deposit (south 
of local coordinate 2400mN), the East Deformation Zone 
has undergone a strong offset to the west in the vicinity of 
the Portezuelo Fault, making it possible to correlate the 
East Deformation Zone with the structural feature that 
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narrows the East Porphyry on its eastern side in the south 
to a wedge only a few tens of metres in width. As noted 
previously, both structural features control the eastern 
margin of the Chuqui Porphyry, although their 
characteristics and thicknesses are different, probably 
reflecting different levels of exposure from north to south 
across the Portezuelo Fault and hence the degree of ductile 
versus brittle deformation. 


An equivalent offset across a NNE trending deformation 
zone separating the Chuqui Porphyry and the Mesozoic 
metasediments and metavolcanics on the northeastem side 
of the deposit has allowed the East Deformation Zone to 
be extrapolated further to the north of the orebody. On the 
basis of this extrapolation, the East Deformation Zone can 
now be considered to be the southern projection of the 
Messabi Fault. In fact, Reutter et a! (1996) refers to the 
East Deformation Zone as the East Messabi Fault, while 
Lindsay (1998) shows it to be part of the Messabi Fault. 
The progressive curvature to the west of the East 
Deformation Zone in the south is explained as a wedging 
and dextral displacement of the fault produced by the 
Estanques Blancos-Portezuelo Systems. Both authors 
identify a dextral displacement along the Messabi Fault- 
East Deformation Zone based on ductile kinematic 
indicators. The geological contact relations observed 
between the individual mylonites, zones of brecciation, 
quartz fragments and the Chuqui Porphyry imply that the 
East Deformation Zone had a complex and multi-episodic 
history. It certainly existed prior to the emplacement of 
the Chuqui Porphyry, but was reactivated after the intrusion, 
to produce deep, intra-mineral structures within the 
porphyry, while also confining the hydrothermal system 
along the its eastern margin. 


The Americana Fault (Fig. 4) is another important 
deformation zone that can probably be included within this 
same group of structures. It is a subvertical feature, mostly 
developed in the southern part of the deposit, where it is 
expressed as a breccia zone that fractures and deforms 
quartz-molybdenite veins. The Americana fault, not only 
controls the location of late stage pulses of quartz-sericite 
alteration but also appears to exert control over the 
emplacement of the earliest quartz-molybdenite veining. 
To the south of the deposit the Americana Fault is offset by 
the Portezuelo Fault. 


In the northern part of the deposit, other north-south 
trending and sub-vertically dipping structure are recorded, 
including the: Zaragoza Fault and C-2 Fault (part of the 
Zaragoza Domain of Lindsay ef al., 1995). These are 
similar to the Americana Fault in the southern portion of 
the deposit. In the north, the margins of the Chuqui 
Porphyry intrusive correspond to the Zaragoza Fault System 
to the east and the West Fissure to the west, defining the 
northern end and original symmetry of the deposit. The 
C-2 Fault System is an important structural feature 
influencing both primary and secondary mineralisation, as 
well as the development of copper oxides at the northem 
end of the Chuquicamata Mine, where these north-south to 
NNE striking faults are relatively abundant. The latter 
observation supports the inference that the C-2 System 


faults were developed early in the evolution of the deposit 
and participated in the localisation of the primary 
mineralisation, before being reactivated. 


Ductile Foliation within the Chuqui Porphyry 


This structural characteristic corresponds in different zones 
to either foliated mylonitic shearing, stress foliation or 
ductile lineation resulting from the translation and stretching 
of mafic and silicate minerals in the different lithological 
phases of the Chuqui Porphyry. Contact relationships 
indicate that this deformation followed the early potassic 
alteration but preceded the late quartz-sericitic (phyllic) 
pulses. 


Estanques Blancos and Portezuelo Fault System 


This system comprises a set of northeast trending, 
subvertical faults that are exposed across the deposit, but 
are more penetrative in its northern sections where the 
Estanques Blancos Fault is mapped (the Estanques Blancos 
Domain of Lindsay ef al., 1995). This fault has a dextral 
sense of movement in the north-eastern parts of the 
Chuquicamata pit. In the northern sections of the deposit, 
the Estanques Blancos System plays an important role in 
the localisation of both early and late episodes of alteration 
and mineralisation, as well as supergene processes. This 
1s reflected in the strike of the alteration zones (Fig. 5) and 
the anisotropy of mineralised veins and veinlets, indicating 
that this fault system is ‘old’ and influenced hydrothermal 
processes throughout the evolution of the deposit. In 
parallel with this, well documented evidence from previous 
structural reports and studies show that this same system 
was reactivated with a post mineral dextral sense of 
movement c.g., Renzetti's (1955) geological surface map 
which considers the Estanques Blancos Fault to have 
produced a 200 m to 300 m dextral displacement of various 
mapped units. The Balmaceda Fault, located in the central 
portion of the deposit, also belongs to the Estanques Blancos 
System. 


The Portezuelo Fault, which strikes at 80? and dips 80?N, 
is located at the southern end of the mine, and has been 
mapped in the eastern sections of the main Chuquicamata 
pit. It can be correlated with fault traces which have a 
similar dip/strike that have recently been mapped in the 
old K1 drainage tunnel, and recognised tn about 6500 m of 
drill core from the same area. The trace of this fault is well 
defined, particularly where it limits the chlorite-specularite- 
chalcopyrite mineralisation of the Chuqui Porphyry to 
produce the sharp southern margin of the ore deposit. It 
also results in the abrupt folding and westward displacement 
of the East Deformation Zone, which defines the eastern 
margin of the Chuqui Porphyry, to bring it closer to the 
West Fissure thereby tapering the Chuqui Porphyry on its 
southern side to become a narrow tabular slab wedged 
between the West Fissure and East Deformation Zone. 
These observations suggest that the Portezuelo Fault either: 
1) cut and dextrally displaced the Chuqui Porphyry and the 
East Deformation Zone by more than 300 m, or 
11) that it was a pre-existing, pre-mineral structure that 
controlled the intrusion of the Chuqui Porphyry. Further 
detailed work and acquisition of data from drilling is 
required to resolve this question. 


Structural investigations conducted in the northem part of 
the deposit and the geological work carried out for the 
present model, indicate that the faults of the Estanques 
Blancos-Portezuelo System all have an important “south 
block down” component of normal movement. This has 
produced a series of en echelon fault blocks with 
progressive structural lowering from north of Chuquicamata 
to the Loa River basin in the south, explaining the 
differences in the exposed levels of mineralisation and 
alteration. In the south, at MM, preserved late stage and 
near surface (high level) advanced argillic alteration is 
preserved, while at Radomiro Tomic in the north, deeper 
level alteration and mineralisation of the potassic core of 
the deposit is exposed, with subordinate phyllic and the 
total absence of the advanced argillic phase. 


The West Fissure 


The West Fissure fault, in general, strikes north-south to 
NNE with dips angles of 75° to 80°W which progressively 
shallow with depth. It is the most recognisable fault at 
Chuquicamata, and was systematically and consistently 
defined for the 2003 Geological Model to determine its 
kinematic evolution and the role it played in controlling 
the location of the Chuquicamata porphyry copper deposit. 
Observations within the pit however, indicate that it is a 
post mineral structure, with sinistral transverse and reverse 
senses of movement. It defines the abrupt western limit of 
the ore deposit, juxtaposing the Chuqui Porphyry and early 
mineralisation with the barren Fortuna Granodiorite across 
the fault to the west. The distribution and symmetry of 
hypogene alteration and mineralisation revealed by the new 
deep drilling, clearly indicate that the West Fissure does 
not represent the axis of the deposit, but that it is located to 
the west of the centre of hypogene hydrothermal activity. 
This work further suggests that the section of the body 
dissected and displaced by the West Fissure represents less 
than 30% of the original mineralised system. These 
conclusion are also supported by the differences in strike 
direction between the predominantly north-south trending 
fault and the approximately NNE axis of the main alteration 
and mineralisation. The West Fissure, does however, appear 
to control very late stage sericite/pyrite mineralising events 
which are centred on the structure. 


NNW Trending Fautts 


This suite of faults includes important NNW to NW 
trending, subvertical structures (the Northwest Domain of 
Lindsay et al., 1995) which are most abundant in the central 
and southern sections ofthe ore deposit. Earlier structural 
studies have concluded that this set of faults are late stage 
and post mineral. These observations are based on their 
metre scale sinistral displacement of mineralised veins, 
sinistral north-south faults and geological contacts, as well 
as evidence that they also cut and displace both the West 
Fissure and the supergene enrichment blanket, producing 
a modified drag fold in the latter with a "few" metres of 
sinistral displacement. However, there is also evidence 
within the deposit that some veins and veinlets belonging 
to the different evolutionary stages of the deposit are 
controlled by these NNW faults. It is therefore likely that 
the NNW set of faults existed and were probably active 
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during the genesis of the deposit, and are a conjugate suite 
to the Estanques Blancos-Portezuelo Fault System, 
reactivated during late post mineral and recent periods. 


In addition, in the central sections of the deposit, the NNW 
trending fault set appears to in part control the morphology 
of the basin that contains the secondary enrichment blanket, 
although the distribution of supergene enrichment also 
follows the locus and physico-chemical reactivity of the 
pervasive quartz-sericitic alteration. 


Hypogene Mineralisation & Alteration 


One of the main advances arising from the development of 
the 2003 Geological Model has been the recognition, 
mapping and detailed interpretation of the multiple events 
of hypogene mineralisation and alteration that took place 
within the deposit. This conceptual focus provided the 
opportunity to secure important geological information 
relevant to the introduction of copper and the poly-episodic 
history of the hydrothermal system. This work has revealed 
that, while some high copper grades were generated during 
development of the late quartz-sericite (phyllic) phase, most 
of the copper was introduced as part of the early alteration 
associations which have been largely obliterated by late 
stage alteration. 


The hypogene mineralisation-alteration events may be 
temporally divided into: i) early low sulphidation, with low 
pyrite within the sulphide assemblage, and ii) late phyilic 
event, with much higher sulphidation mineralisation, and 
abundant pyrite. 


Early Low Sulphidation (Low-Pyrite) Associations 
Background Potassic (PF) 


This early stage alteration style is characterised by the 
selective replacement of mafics in the Chuqui Porphyry 
by secondary biotite, while plagioclase is usually in part or 
selectively altered to K feldspar, sericite and/or clays. 
Original intrusive magnetite is destroyed or converted to 
hematite. Biotite and K feldspar can also occur as rare 
micro-veinlets accompanied by quartz, calcite and 
sulphides. A very distinctive characteristic of the 
background potassic alteration is that the original texture 
of the Chuqui Porphyry is clearly preserved. Mineralisation 
occurs mainly as disseminations and, to a lesser extent as 
micro-veinlets. The total sulphide content is low (<1%), 
occurring as hypogene chalcopyrite tbornite or 
chalcopyrite +pyrite associations. In general terms, 
chalcopyrite is the dominant sulphide, bomite or pynte only 
being important locally. Other sulphides present include 
digenite, covellite, chalcocite, sphalerite and molybdenite, 
but only in very subordinate quantities. Copper grades in 
the background potassic alteration is low, in general varying 
from 0.1 to 0.5% Cu, even in local zones of minor 
enrichment. 


This is the earliest alteration/mineralisation event observed, 
and is widely distributed in the eastern and northern sections 
of the deposit. Relicts are also scattered through the 
remainder of the deposit, suggesting it was more 
widespread, but was obliterated by subsequent overprinting 
stages. 
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Background potassic alteration has been dated at 33.4 Ma, accompanied by trregular K feldspar halos, most of which 
based on a set of Ar-Ar in biotite and K feldspar are in equilibrium with the alteration. 

measurements (Reynolds et al., 1998). This date is very " 

similar to the age of crystallisation obtained for the West Chioritic Alteration (CMH) 
and Banco porphyries, implying a genetic link. The implied Selective chloritic alteration of primary and secondary 
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link is supported by a spatial association in the north of the mafic minerals, and the development of chlorite veinlets, 
deposit between the background potassic alteration and the are found on the fringes of the deposit, accompanied by 
main bodies of the West and Banco porphyries, and by a low grade copper (<0.3% Cu) mineralisation. In the higher 
dense stockwork of barren “A-type” veinlets that are usually benches of the mine, where drilling information is more 
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abundant, this chloritic margin is coincident with the 
occurrence of preserved primary magnetite and marks the 
outer limit to the background potassic alteration. However, 
in new deep drill holes, some intersections of low grade 
mineralisation were accompanied by low chlorite, but with 
preserved primary magnetite and hornblende, suggesting 
these zones are not part of the background potassic 
alteration system. The CMH alteration classification has 
been applied to the low grade fringe of the background 
potassic phase defined by selective chloritisation of mafics 
and/or preserved primary magnetite and/or primary fresh 
hornblende, with, in all cases, predominantly preserved 
primary textures. Selective albitisation of plagioclase and 
calcite-ankerite veinlets are also included as characteristics 
of this style of alteration. Bpidote is only recognised locally. 


X-ray diffraction analyses of samples of CMH alteration 
indicate that the mineral macroscopically and 
microscopically identified as “chlorite” corresponds to 
clinochlore, a member of the chlorite group. The 
distribution of CMH alteration as a restricted fringe to the 
background potassic alteration, differs from the typical 
more extended halo normally encountered on the margins 
of orthomagmatic porphyry copper deposits. 


The low grade mineralisation associated with the CMH 
alteration occurs as low total sulphide (<1% by volume) 
disseminations, characteristically comprising a pyrite 
+chalcopyrite association with local, rare chalcopyrite, Late 
specular hematite, both as disseminations and in veinlets, 
is relatively frequent, locally brecciating the rock, and is 
found mainly on the southeastern margins of the deposit. 
Specularite may in isolated instances be intergrown with 
chalcopyrite. 


K Feldspar-Fine Grained Quartz Association (K-Sil) 


The alteration style known locally at Chuquicamata as 
“K-Sil” comprises moderate to intense replacement of 
feldspar and biotite by secondary K feldspar, in some 
instances also accompanied by secondary albite and quartz. 
The original texture of the protolith is partially to totally 
destroyed and takes on a characteristic grey colour. Under 
the microscope, the fabric of this alteration is strongly 
cataclastic, frequently forming a micro-breccia with a fine 
matrix of micro- to crypto-crystalline quartz and feldspar. 
Quartz and K feldspar are also present as micro-veinlets. 
In the deeper hypogene sections of the deposit, occurrences 
of disseminated, veinlet and massive anhydrite are frequent. 


Mineralisation associated with K-Sil alteration 
preferentially occurs as veinlets and micro-veinlets and 
generally contains significant copper grades, with >1% total 
sulphides, which are usually unevenly distributed. The 
typical mineral assemblages accompanying K-Sil alteration 
are bornite +digenite tcovellite, or chalcopyrite tcovellite 
tbomite tdigenite. Although these two associations, one 
with bornite predominating, the other with dominant 
chalcopyrite, may be found together, on the basis of detailed 
studies, they seem to represent two separate, clearly 
differentiated ore pulses. Two alternative, but not mutually 
exclusive, hypotheses have been proposed. The first is that 
the sulphide mineralisation 1s contemporaneous with and 
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genetically linked to the K-Sil alteration, while the second 
suggests the mineralisation is produced by a late pulse, 
related to the early stages of the succeeding grey-green 
sericite alteration (described below), with the mineralisation 
being introduced into the K-Sil through mechanical/ 
structural processes associated with cataclastic deformation 
(Ossandón et al., 2001). 


Two types of K-Sil alteration are recognised, leading to 
some controversy regarding their origin. The first is 
fractures controlled, occurring as halos to sulphide veinlets 
with a high total sulphide and copper grade, and is 
characterised by strong destruction of the original host 
porphyry texture. The second is more pervasive, is not 
texture destructive, and forms diffuse, irregular zones with 
a total sulphide content and copper grade just slightly above 
that of the background potassic alteration phase. Although 
it is possible to find low grade intervals within K-Sil 
alteration zones, multiple observations, supported by 
Statistical studies, show that where K-Sil alteration is 
abundant (>30%), the hypogene copper grade is also high, 
ranging from 0.8 to 1.5% Cu, The K-Sil alteration zones 
and related mineralisation are distributed as "vein-like" 
domains or relatively well defined belts within the deposit, 
suggesting for this alteration was essenttally structurally 
controlled. 


Quartz-Molybdenite Veins and Veinlets 


Quartz-molybdenite mineralisation is present in important 
quantities, occurring as “blue veins” and banded “B-type” 
veinlets, both of which have a spatial association with the 
grey-green sericite and the late quartz-sericite alteration 
(described below). Nevertheless, contact relationships 
between the quartz-molybdenite veining and high-pyrite 
“D-type” veins directly associated to the late quartz-sericite 
(phyllic) event, clearly demonstrates that the quartz- 
molybdenite event is earlier. This suggests that the spatial 
association is coincidental, possibly reflecting the sharing 
of a common structural locus, rather than a temporal or 
genetic link. 


The zone of abundant (i.e., >50% by volume) quartz- 
molybdenite veins and veinlets, defines a structurally 
controlled core, generally striking north-south to NNE and 
dipping at 80°W, within the south-central part of the deposit. 
This core, with an average grade of 0.13% Mo, has 
dimensions of 1000 m in length, 50 m average width and 
has been recognised over a vertical interval of 600 m, but 
is still open at depth. However while this zone has high 
molybdenite grades, copper is reduced (<0.6% Cu), due to 
the mass dilution of the early copper mineralisation by the 
abundant quartz-molybdenite veining, and the lack of 
permeability and sulphide content of the veins which 
restricted the emplacement of subsequent fracture 
controlled and disseminated copper mineralisation. 


While molybdenite is also recognised in other alteration/ 
mineralisation events, particularly the early background 
potassic phase, and in very late stage remobilised veins 
and fractures (Ambrus and Soto, 1974), the quartz- 
molybdenite vein and veinlet event is by far the most 
important and introduced the bulk of the molybdenite into 
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the system. The principal geological control on the Mo 
grade is the volumetric frequency of the quartz-molybdenite 
veining (Ossandón et al., 2001), reflecting the intensity of 
the event. 


Early Grey-green Sericite 


This alteration style results in the intense destruction of 
the rock texture of the Chuqui Porphyry accompanying the 
replacement of its mineralogy by aggregates of sericite, 
quartz, abundant disseminated copper sulphides and some 
K feldspar. The early sericite 1s characterised by its 
greenish-grey colour and by its notorious coarse texture 
compared to sericite accompanying later alteration phases. 
Grey-green sericite occurs as irregularly shaped pervasive 
zones, or as halos to early, frequently sub-parallel veinlets 
of quartz, quartz-bornite or quartz-molybdenite. The affects 
of ductile foliation are sometimes superimposed on this 
alteration assemblage, to produce a texture characterised 
by re-oriented, sub-parallel sericite plates. 


Ore mineralisation associated with grey-green sericite 
alteration occurs as abundant fine disseminations, It 
comprises the same mineral assemblages, without pyrite, 
that accompany the K-Sil alteration, namely: bornite 
tdigenite tchalcocite tcovellite, or chalcopyrite tbornite 
+covellite tdigenite. In the latter episode, when “D-type” 
veins are superimposed on the grey-green sericite, early 
sulphides are replaced by pyrite-digenite +bomite or pyrite- 
covellite, 


The zones of abundant grey-green sericite alteration (.e., 
>10% by volume), represent significant sections of the 
deposit and contain >1% copper sulphides by volume, with 
grades of consistently >1% Cu, making this phase the main 
hypogene ore event within the Chuquicamata deposit. 
There is commonly a very close spatial link between the 
distribution of grey-green sericite and K-Sil alteration, but 
also between the grey-green sericite and the quartz- 
molybdenite veining, although locally the latter may also 
have an inverse relation. These associations suggest these 
events could be very close in age. 


On the basis of the close spatial correlation/distribution of 
the K-Sil and early grey-green sericite events, and their 
shared characteristics (1.e., intense destruction of precursor 
textures and very similar high copper sulphide 
assemblages), both alteration styles have been functionally 
grouped into a bigger alteration unit, the Intense Potassic 
(PI). This intense potassic (PI) grouping is predominantly 
localised in the eastern part of the deposit, where it occurs 
as a series of irregular tabular zones, trending NNE and 
dipping at 70 to 85°W. In these zones cataclastic textures, 
and locally, ductile deformation features are exposed. 
Within the intense potassic (PT) zones there is an observable 
gradation from grey-green sericite to the north and at depth, 
to K-Sil which is more abundant at higher levels and in the 
central and southern sections of the deposit. 


Veinlets of Chalcopyrite with Sericitic Halos 


Sections ofthe deposit located on the fringes of the intense 
potassic (PT) altered zones have a greyish colouration and 
contain massive chalcopyrite veinlets with quartz-sericite 
halos containing disseminated chalcopyrite. These veinlets 
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carry subordinate to rare to no pyrite and although they cut 
all of the previously described alteration/mineralisation 
phases, belong to the early low pyrite association. Copper 
grades within these chalcopyritic zones are of the order of 
0.7 to 0.8% Cu, corresponding to >1% sulphides by volume. 
Chalcopyrite is locally accompanied by molybdenite. Apart 
from the colour difference, the chalcopyrite veinlets with 
sericitic halos differ from the early grey-green sericite 
alteration in the following respect: 


1} The chalcopyrite is mostly in the veinlets and only 
partially in the halos. In the grey-green sericite, the 
situation is the reverse. 

1) The typical sulphide association within the veinlets 
is chalcopyrite +pyrite, with no bornite, In the grey- 
green sericite alteration zone, the sulphide assemblage 
comprises chalcopyrite +bornite with no pyrite. 

im When individual chalcopyrite veins are isolated, the 
sericite halo is weak and the precursor porphyry 
texture may at least be partially preserved. The grey- 
green sericite alteration totally destroys the precursor 
texture. 


Late, High Sulphidation (High-Pyrite) Associations 


Most of the western half of the Chuquicamata deposit has 
undergone late quartz-sericite (phyllic) alteration, typically 
with associated copper sulphides and high pyrite 
mineralisation (1.e., with pyrite>50% of total sulphides; and 
pyrite>1% of the rock, by volume). This alteration is either 
pervasive, or in the form of halos to "D-type" veins. 


At least two consecutive phases of the quartz-sericite 
(phyllic) alteration event are identified, namely the Main 
and Late sub-events. These sub-events are spatially related 
and are very difficult to separate in routine mapping. The 
quartz-sericite alteration comprises sericite aggregates, with 
quartz and pyrite which obliterate the original texture of 
the porphyry through the intensive replacement of feldspar 
and biotite. Minor amounts of kaolinitic clay replace 
plagioclase, while rare veinlets and breccia-veins of quartz- 
alunite are found, especially in the Late sub-event. X-ray 
diffraction analyses of sericite from the quartz-sericite 
alteration reveal it comprises aggregates of illite and 
muscovite. 


This quartz-sericite alteration occurs as a huge, north-south 
trending and vertically dipping mass, located on the western 
side of the deposit, adjacent to the West Fissure. The 
intensity of alteration is weaker on the peripheries of the 
altered mass in what is termed the 'transitional quartz- 
sericite zone', occurring as quartz-sericite superimposed 
on (but not entirely obliterating) earlier textures and 
alteration assemblages which are still discernible. This 
transitional quartz-sericite alteration is evident in the 
northern portion of the deposit, towards the Radomiro 
Tomic (RT) mine. 


The mineralisation associated with the late quartz-sericite 
(phyllic) alteration event comprised a series of progressive 
pulses of sulphide mineralisation, overlapping in time and 
space, and reflecting the evolution of the high pyrite 
association and the degree of sulphidation, as follows: 
pyrite-chalcopyrite, pyrite-digenite (tbornite), pyrite- 
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covellite (tenargite), pyrite-enargite (+sphalerite). The ore 
and gangue minerals have open space filling textures within 
the “D-type” veins, and occur as disseminations in their 
halos, and in local breccia-veins. Pyrite (usually >2% by 
volume) is the dominant sulphide. 


The late pyrite-enargite sulphide pulse was the dominant 
source of arsenic within the system. This arsenic event 
was structurally controlled, being emplaced in a brittle 
environment in the form of massive veins or as breccia 
matrix in zones of abundant tectonised quartz-molybdenite 
veins, fringed by pyrite-enargite stockwork veins 
superimposed on earlier associations. 


The late quartz-sericite (phyllic) alteration stage apparently 
terminated with a final post-ore pulse located adjacent to 
the West Fissure, comprising barren to very low total copper 
bearing pyrite veinlets (pyrite >90%, and copper sulphides 
<10% of total sulphides), 


The contact relations between the late quartz-sericite 
(phyllic) alteration, with its high pyrite associations, and 
the earlier mainly potassic low pyrite associations, clearly 
demonstrate that the quartz-sericite event is later and that 
it cuts and obliterates the earlier mineral association. 
Radiometric ages of sericite (determined by Ar-Ar 
techniques) from this late quartz-sericite (phyllic) event 
yield an alteration age of 31.1 Ma (Reynolds ef al, 1998), 
2 Ma younger than the background potassic alteration event, 
and 3 Ma younger than the crystallisation age of the East 


Porphyry. 
Superimposed Relations (PIR) 


The copper grade distribution within the late quartz-sericite 
altered body is very uneven and independent of the locally 
dominant sulphide assemblage (with the exception of the 
very late pulse of pyrite-low copper sulphide which 
averages around 0.5% Cu). For all of the other sulphide 
associations, the grade is variable, particularly the primary 
zones that have not undergone supergene enrichment. 


There is evidence to suggest that the grade distribution was 
largely inherited from earlier assoctations that were 
overprinted and modified by the late quartz-sericite (phyllic) 
alteration, Locally, within the late quartz-sericite alteration 
zone, relicts of previous alteration assemblages may be 
recognised, as halos to early veinlets, or on a larger scale, 
as Irregular bands with ghost textures from earlier alteration 
events such as K-Sil or grey-green sericite of the intense 
potassic (PI) stage. These relicts contain abundant sulphides 
as veinlets and very fine disseminations, suggesting that 
prior to the imposition of late quartz-sericite alteration, the 
pre-existing intense potassic (PI) alteration/mineralisation 
stage had been responsible for emplacing high grade 
mineralisation. The earlier associations were replaced, 
transformed and upgraded by the higher sulphidation late 
quartz-sericite (phyllic) event, although the early grade 
distribution was preserved, at least partially, as were the 
textures and mineralisation style characteristic of the 
previous intense potassic event (PI), in the form of micro- 
veinlets or sulphides disseminations. These preserved zones 
have, in general, higher contents of copper sulphides (> 1%) 
as digenite, bornite or covellite, all associated. with pyrite, 
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and copper grades of about 1.4-1,5% Cu. Those zones 
which have more or less spatial continuity and exhibit these 
characteristics are referred to as intense Potassic Relict 
(PIR). However, while the grade distribution has been 
inherited, the PIR has clearly experienced important grade 
improvement and occurs as a continuous band, sub-parallel 
to the West Fissure but located 1n the central-eastern part 
of the deposit. 


Following with the same analysts, but contrario sensu, the 
lower grade (0.7-0.8% Cu), low copper sulphide content 
(<1% by volume) zones within the late quartz-sericite 
(phyllic) alteration zone, that do not contain relict textures 
from the intense potassic (PI) stage, are now interpreted to 
represent pre-existing background potassic associations 
with original lower grades. 


These observations and conclusions suggest that the 
pervasive late quartz-sericite (phyllic) event contributed 
S, Fe, As and Cu to the system, but only sufficient to 
incrementally upgrade the pre-existing mineralisation by 
0.3 to 0,4% Cu. 


In summary, it may be concluded that the grade and 
distribution of primary copper within the late quartz-sericite 
(phyllic) zone is largely inherited from the pre-existing 
potassic events over which the late quartz-sericitic 
association has been superimposed, but with an 
accompanying upgrading through the addition of further 
copper. 


Late Veins, Veinlets and Micro-breccias 


The final known hypogene mineralisation event at 
Chuquicamata corresponds to very locally distributed 
vetnlets, micro-veinlets and micro-breccias carrying 
chalcopyrite tcovellite tdigenite +red hematite tanhydrite 
tgypsum. This very last pulse does not however, include 
pyrite. It cuts all the events previously described, including 
the high pyrite associations of the late quartz-sericite 
(phyllic) events and, in general, does not produce alteration 
halos. In the zones where this event is observed, it does 
not appear to have had any affect on the copper grade, 
implying that the pre-existing mineral assemblage was 
locally altered and remobilised without the introduction of 
additional copper. 


Supergene Mineralisation 


Supergene processes have resulted in important 
modifications of hypogene mineralisation throughout the 
Chuquicamata deposit, mainly in its uppermost portions, 
with the generation of extensive zones of leaching, 
oxidation and enrichment of sulphides, and total/partial 
leaching of sulphates. 


Copper dissolved through the leaching of hypogene 
sulphides also migrated, mainly to the south, via palaeo- 
channels and was deposited at the gravel-basement interface 
at the base of the channel to produce substantial 
accumulations of exotic copper mineralisation. 
Radiometric K-Ar age dating of supergene alunite from 
these palaeo-channels indicate that the main supergene 
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processes at Chuquicamata occurred between 19 and 15 Ma 
(Sillitoe and McKee, 1996). The following describes the 
different supergene processes and related zones of 
secondary mineralisation at Chuquicamata. 


Sulphate Zones 


Anhydrite and gypsum are important components of most 
of the hypogene alteration zones within the Chuquicamata 
deposit. Anhydrite occurs both as disseminations and as 
veinlets, while gypsum is chiefly present in veinlets and is 
probably the product of late hydration of anhydrite. Both 
minerals are particularly abundant within both the intense 
potassic (PI) and late quartz-sericite (phyllic) alteration 
zones, but are rare in both the background potassic (PF) 
alteration and are rare to virtually absent in the chloritic 
(CMH) zones. 


One of the most prominent effects of supergene processes 
within the upper portions of the Chuquicamata deposit has 
been the total to partial leaching of sulphates. In the primary 
zone, below the level of influence of supergene processes, 
anhydrite and gypsum seal the rocks, preserving the original 
rock mass, with low fracturing and good geomechanical 
characteristics. Conversely, where these sulphates have 
been totally or partially leached, the rock is more porous 
and the previously sealed fractures are opened, to produce 
a rock mass with lesser competence and reduced 
geomechanical properties. 


Based on sulphate content and the degree of sulphate 
leaching, three main zones are distinguished (Figs. 7 & 8): 


i) Primary Zone - containing anhydrite and gypsum, 
without cavities, rock mass sealed, competent. 

1) Transitional or Partially Leached Zone - with gypsum, 
very sporadic and rare anhydrite, cavities and open 
fractures, less competent rock mass. 

111) Secondary Zone - gypsum and anhydrite are absent 
as they are completely leached, abundant cavities and 
open fractures, rock mass incompetent to less 
competent. In this zone, a very late selenitic supergene 
gypsum may occur at local scales, although it is not 
considered in the modelling of sulphate zones 


The Transitional and Secondary zones are more deeply 
developed in the late quartz-sericite (phyllic) alteration zone 
on the western fringe of the deposit, locally extending to 
elevations as low as 1600 m.a.s.I. This is a direct result of 
the less chemically reactive nature of the phyllic alteration 
assemblage and its higher pyrite content, which combined 
to produce more acid (lower pH) supergene solutions. 


Secondary Enrichment 


The secondary enrichment factor (or degree of supergene 
enrichment) at Chuquicamata is most intense within the 
zones of phyllic alteration with strong permeability, low 
reactivity and high pyrite (i.e., conditions favouring strong 
acid generation). In the core of the late quartz-sericite 
(phyllic) alteration zone, the primary copper grade was 
roughly doubled by secondary enrichment, while on the 
fringes and at depth the enrichment factor progressively 
decltned. 
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Threc zones are recognised and defined on the basis of the 
enrichment factor, namely: 


i) Primary Zone - No supergene activity or secondary 
sulphides are recognised and consequently no 
enrichment is found. The ores are completely 
hypogene in character. This zone is coincident at the 
deposit scale with that ofthe ‘pnmary zone’ of gypsum 
and anhydrite sealed fractures as described previously. 

it) Weak Enrichment Zone - Secondary sulphides are 
recognised but are subordinate to the hypogene 
minerals. They occur in fractures, fault zones and 
partially or wholly replace hypogene copper minerals, 
with pyrite remaining clean, bright and unaltered. This 
interval coincides with the *transitional sulphate zone' 
described previously and coexists with gypsum, but 
corresponds to the zone of cavities and open fractures 
produced by the leaching of sulphates, particularly 
anhydrite. 

iii) Strong Enrichment Zone - Secondary sulphides 
predominate, replacing more than 75% of the primary 
copper sulphides. Bornite is totally replaced and 
pyrite is "dirty" with coatings of secondary copper 
sulphides. This zone corresponds to the “secondary 
zone' of the leached sulphates described previously, 
with abundant cavities and a high degree of fracturing. 
However, the lower limit of the strong enrichment 
zone does not coincide exactly with the "gypsum 
roof", with the strong enrichment usually ending 
around +20 m above the last occurrence of gypsum. 

111) Oxidised and Leached Zone - The upper oxidised 
copper minerals and the leached/overburden zones are 
only exposed at the northern and southern extremities 
of the current pit. Both have been modelled but are 
not currently of major significance, nor are they 
included in the definitions above. 


Chalcocite is the most important secondary copper mineral 
at Chuquicamata, although supergene covellite is also found 
in significative quantities. In general, chalcocite 
predominates in the 'strong enrichment zone' while 
covellite tends to be more abundant at greater depth within 
the *weak enrichment zone'. Despite this, there are reduced 
zones where covellite is important in the strong enrichment 
and, vice versa, there are weak enrichment zones with only 
chalcocite. Consequently, the exclusive use of the 
mineralogy of the secondary copper sulphides is not useful 
in defining the intensity of supergene enrichment and the 
use of textural critena as described above is essential. 


Zones of ‘In Situ’ Oxidation and Leaching 


As described previously, much of the upper leached and 
oxidised sections of the Chuquicamata deposit have been 
removed and/or exploited and only lower grade remnants 
are exposed on the northern and southem extremities of 
the current open pit, developed over the peripheries of the 
primary and secondary ore zone. These comprise both 
limonite rich leached capping rocks and/or oxide copper 
mineralisation (both in situ and exotic types). 


The principal remnant zones of oxide copper are localised 
at the northem end of the deposit, where the oxide bodies 
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occur as subvertical, elongate bands, interspersed with 
leached zones in which limonites coexist in variable 
proportions with copper oxides. The general trend of the 
copper oxides in this area is consistent with structural 
control related to the northeast striking Estanques Blancos 
Fault System, and the north-south to NNE trending C-2 
Fault System. The higher grade and volume oxide bodies 
are developed vertically above, and are the upward 
continuation of higher hypogene grades located below the 
‘top of dominant sulphides’ modelled surface. Hypogene 
alteration is predominantly a late quartz-sericite (phyllic) 
assemblage, with copper occurring in veinlets locally 
superimposed on the widespread background potassic (PF) 
alteration. 


The dominant mineralogy in these northern oxide ores 
comprise the sulphate bearing minerals antlerite-brochantite 
(tatacamite), with accompanying hematite, lesser sericite 
and rare clays. Sulphide relicts are very common within 
the oxide ores, mainly as leached chalcocite partially 
replaced by hematite, indicating that the current oxide ore 
zones were developed from an earlier supergene enrichment 
blanket which was oxidised, leached and its copper 
redistributed to a newer and deeper zone of supergene 
enrichment. 


On the southern margins of the Chuquicamata pit, in situ 
copper oxides are found over the southern sections of the 
Chuqui Porphyry at a deeper level than the exotic oxides 
described below. These oxides, which include brochantite, 
atacamite and antlerite, are considered to be in situ, based 
on their occurrence in oxidised “D veinlets” with quartz- 
sericitic halos. 


Zones with Exotic Oxides 


The more important zones with remaining exotic copper 
oxide resource are at the southern end of the deposit, where 
the Chuquicamata pit overlaps the Extensión Norte de Mina 
Sur Project. This area incorporates an exotic palaeo-channel 
(and its ores) that run due south from Chuquicamata to the 
Mina Sur mine open pit. The mineralisation associated 
with this palaeo-channel straddles the contact between the 
basement and the overburden gravels of the palaeo-channel. 
The copper oxides developed along this entire zone are 
chrysocolla, atacamite and copper wad which represent 
deposition from, or remnant products of, poly-episodic 
flows of pregnant acid solutions derived from supergene 
leaching of the main Chuquicamata sulphide mineralisation 
- both hypogene and supergene. They are present as cement 
within the gravels or as fillings and coatings of the fractures 
within the immediately underlying basement lithologies. 


Sulphide Zoning & Related Grades 


The giant Chuquicamata porphyry copper deposit is the 
cumulative product of a complex set of evolutionary 
processes which include: i) its tectonic conditioning and 
ground preparation resulting from the enhanced structural 
permeability of the rock mass, ii) the multi intrusive suite 
of mineralisation related porphyries and iii) the related and 
subsequent multi-episodic alteration/mineralisation events, 
of both hypogene and supergene origin. Together, all of 
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these linked processes generated the spectacular 
polyminerallic core of the huge and unique copper- 
molybdenum deposit at Chuquicamata, The large variety 
of ore and gangue mineral species, their modes of 
occurrences, intensities and textural features are specific 
and characteristic of each of the alteration/mineralisation 
events. In addition, the focus of each of these events 
successively migrated, both in space and time to produce a 
complex overlapping pattern. Patient investigation of this 
pattern has allowed the differentiation of the individual 
contributions of each mineralising episode. To do this, it 
was necessary to consider a range of aspects, such as 
mineral species, textures, modes of occurrence, intensity, 
location and contact relations, to correctly identify the 
individual geological events and model them in a predictive 
way. Any of these aspects considered in isolation, may not 
reflect the result of a single event. For example, the 
contribution of pyrite from the different events is 
distinguished by studying the variation in its intensity, 
textures and contact relationships. 


The 2003 Model allows the distribution of a range of 
parameters to be ploited throughout the orebody, including 
the different mineral species and metal grades, geological 
units, structures, specific gravity, etc. and the production 
of plans and sections, 


Geological Evolution of Chuquicamata 


Using the accumulated geological knowledge of the deposit, 
as described previously, it is possible to prepare a synthesis 
of the geological evolution and genesis of the giant 
Chuquicamata deposit. This synthesis is expressed in a 
series of steps in geological time order, as follows. 


Structural Accommodation for the Intrusion of the 
Chugui Porphyry, Elena & Fortuna Granodiorites 


The evolution of the deposit geology commenced at the 
beginning of the Oligocene, with the syntectonic 
introduction of the Fortuna Intrusive Complex, followed 
by emplacement of the Elena Granodiorite. This occurred 
in a dextral transpressive regime (the [ncaic Phase) which 
produced shortening along an ENE directed tectonic vector. 
The deformed country rocks included Carboniferous to 
Lower Triassic basement rocks, mainly plutonic bodies 
(locally represented by the Mesa Granite and Este 
Granodiorite) comprising granites and granodiorites with 
biotite and orthopyroxene and a mild magmatic foliation, 
overlain by Jurassic marine carbonate rocks affected by 
contact metamorphism, discrete mylonites and penetrative 
subvertical axial plane cleavage striking north-south and 
dipping at 85°W. The ENE tectonic vergence of the Incaic 
Phase produced a reverse-dextral NNE foliation and the 
structurally linked permeability conditions for the next 
intrusion. 


The Fortuna Complex probably post-dates the Paleocene 
eastward magmatic migration, and was initiated with the 
emplacement of the Los Picos diorite pluton, a few 
kilometres to the west of Chuquicamata. The Fortuna 
Complex comprises a biotite- and hornblende-bearing 
granodioritic stock dated at 39-38 Ma (U-Pb in zircon), 
which is cut by several bands of ductile deformation and is 
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characterised by multiple and sequential intrusive pulses, 
including the Grey Granodiorite, Clear Granodiorite and 
San Lorenzo Porphyry. The latter pulse has been 
overprinted by an initial, incipient, late-magmatic 
background potassic alteration event. This event is 
represented by secondary biotite altered mafics, local 
brecciation, and K feldspar which is developed in both the 
ground mass and as micro-veinlets within the San Lorenzo 
Porphyry and in its Clear Granodiorite wall rocks. These 
locally altered zones within the San Lorenzo Porphyry carry 
weak mineralisation of pyrite, chalcopyrite, minor bornite 
and subordinate molybdenite, with copper grades of 0.1 to 
0.2% Cu, and very locally, up to 0.5% Cu, in deep zones 
some 3 km southwest of the Chuquicamata open pit. 
Subsequently, as a precursor to intrusion of the Chuqui 
Porphyry, the syntectonic Elena Granodiorite was emplaced 
in the basement contact zone which had been subjected to 
constant iranspressive stress. It is an equigranular, medium 
grained granodioritic stock with biotite dated at 37.7 Ma 
(U-Pb in zircon). Both intrusives generated halos of contact 
metamorphism, have assimilated wall rocks and enclose 
roof pendants, particularly of Jurassic metasediments, and 
as a product of the semi-ductile structural regime, have a 
magmatic foliation and a NNE oriented dextral-reverse 
tectonic fabric. 


Emplacement of the Chuqui Porphyry Complex: East, 
West & Banco Inirusions, Background Potassic Event 
and Chloritic Halo 


Emplacement of the Chuquicamata Porphyry Complex (the 
“Chuqui Porphyry”) commenced with the intrusion of the 
East Porphyry at 34.6 Ma. Its NNE oriented dyke-like shape 
and the deformation of its wal! rocks suggest that the 
anisotropy of the Messabi Fault-East Deformation Zone, 
associated with a probable dextral transpressive tectonic 
environment, played a key role in controlling the location 
of intrusion. Geological evidence implies that the East 
Porphyry, when intruded, was barren or only weakly 
mineralised. 


The main mineralising process began with the intrusion of 
the smaller West and Banco Porphyries at 33.4 Ma. This 
event produced an intense stockwork of barren “A-type” 
quartz veins, mainly in the northern part of the deposit, as 
well as the pervasive background potassic alteration of most 
of the Chuqui Porphyry, accompanied by weak, mainly 
disseminated, chalcopyrite (+pyrite, +bornite) 
mineralisation. Following this late-magmatic event, the 
copper grade of the deposit was approximately 0.3% to 
0.4% Cu. 


Intense Poiassic Alteration Events 


Following the background potassic event, a set of tectonic 
and hydrothermal processes took place that generated the 
intense potassic alteration event, which constituted the main 
stage of hypogene mineralisation at Chuquicamata. This 
alteration style was predominantly developed within NNE 
trending zones of cataclastic deformation, which are 
believed to represent reactivation of the Messabi Fault-East 
Deformation Zone System. The alteration associations that 
define this style were K feldspar with fine quartz (K-Si/), 
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and grey-green sericite, which together were accompanied 
by important quantities of ore composed of bornite- 
digenite-chalcopyrite-covellite. The grade of the zones 
where the intense potassic alteration is abundant is around 
1.0% Cu. At the end of the intense potassic cycle, a late 
pulse of chalcopyrite veins with sericitic halos was 
developed on the margins of the main centres of this 
alteration event, with copper grades of 0.8% Cu 


Quartz-Molybdenite Veins and Veinlets 


An important set of quartz-molybdenite veins and veinlets 
were introduced temporally overlapping the intense potassic 
event. This vein set, which spatially crosscuts the effects 
of the K-Sil alteration, but is clearly cut by early grey-green 
sericite mineralisation, was most intense in the southem 
half of the deposit, but extends over a length of 1000 m in 
a north-south to NNE direction. It forms an important 
steeply dipping tabular core to the deposit in its southem 
and central parts, where it has an average grade of 0.1396 
Mo, including values of up to 0.295 Mo. 


Post-early Mineralisation Deformation 


There is strong evidence that between 33.4 and 31.1 Ma, 
following the early alteration/mineralisation events 
described above, but prior to the late quartz-sericite 
alteration event, the ore deposit was subjected to intense 
tectonic stress. This intra mineralisation/alteration 
deformation is reflected by: 1) mylonitic foliation, locally 
affecting the Chuqui Porphyry and cutting zones of intense 
potassic alteration, but overprinted by the late quartz-sericite 
alteration; 11) the foliation and brecciation of the East 
Deformation Zone which incorporates quartz fragments 
from the early alteration/mineralisation events; and iii) the 
intense brecciation and tectonism that affected the quartz- 
molybdenite veining, related to the Americana Fault which 
controls the location of the succeeding late quartz-sericite 
associations. 


Late Quartz-sericite Alteration Events 


An important, overprinting, late quartz-sericite (phyllic) 
alteration event, which commenced at around 31.1 Ma, 
occupies a north-south to NNE trending zone in the western 
sections of the current deposit. This event obliterated pre- 
existing low sulphidation primary alteration/mineralisation 
assemblages to generate a telescoped pyrite +digenite, 
Hcovellite, tenargite (+chalcopyrite, Xbornite) association, 
reflecting significant introduction of S, Fe, As and Cu into 
the system. Bands of high grade copper mineralisation 
(with 1.4-1.5% Cu) are recognised within this zone, 
mimicking textures and mineralogies from the intense 
potassic event. These bands, which coincide with modified 
and upgraded pre-existing higher copper grades, are termed 
“intense potassic relict’ (PIR) in the 2003 Geological Model. 
Other sectors, whose original textures have been obliterated 
by the late quartz-sericite alteration, but have relatively 
lower copper grades (i.e., 0.7%-0.8% Cu), are now 
interpreted to represent areas of original background 
potassic alteration/mineralisation. If these interpretations 
are accepted, it would mean that the late quartz-sericitic 
event, even in the most pervasive areas, was only 
responsible for the upgrading of the pre-existing 
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mineralisation by 0.3 to 0.596 Cu and the grade distribution 
observed is basically inherited from the earlier events. 


Faulting-Dislocation-Displacement & Post-hypogene 
Mineralisation 


Throughout the mineralising events the host rock mass 
remained under tectonic stress, producing repeated episodes 
of brittle deformation. Towards the end of, and following 
the late quartz-sericite (phyllic) event, this continued 
deformation had resulted in the development of new 
structures and the reactivation of earlier structural systems 
that had influenced the position of the pre-existing 
hypogene mineral zones. Distributive, dextral-normal, NE 
trending faults, such as the Estanques Blancos, Balmaceda 
and Portezuelo Systems, produced moderate, en echelon, 
progressive, "south block down" displacement and finally, 
truncation of the ore bodies to the south, while the “roots” 
of the mineralised system are exposed to the north in the 
Radomiro Tomic mine. On a regional scale, the West 
Fissure system produced a major sinistral displacement of 
the ore body. This north-south trending, subvertical to 
steeply west dipping fault zone, locally exhibits clear post- 
mineral displacement, but also has a deep seated rotational 
component. The sense of movement of the blocks on either 
side the fault zone differs. In the mine area, the west block 
is uplifted relative to the eastern side, but is rotated 
downwards further to the south. It bisects the deposit and 
juxtaposes the intensely mineralised and altered Chuqui 
Porphyry to the east with the barren, unaltered Fortuna 
Intrusive Complex, to the west, clearly truncating the 
alteration events up to and including the late quartz-sericite 
(phyllic). A broad zone of tectonic brecciation and 
dislocation is evident on the western or hangingwall margin 
of the fault, producing the complex geomechanical 
conditions encountered on the western wall of the 
Chuquicamata pit. 


A late, NW trending, sinistral-normal structural system, 
reactivated, displaced and weakly segmented the hypogene 
mineralisation and the West Fissure, increasing the 
permeability, and enhanced subsequent supergene activity. 


Supergene Processes 


At least two leaching, oxidising and enrichment events have 
been recognised as having taken place at Chuquicamata 
between 19 and 15 Ma. The first, a thick blanket of strong 
enrichment was developed in the zone that was physically 
and chemically the most favourable, namely, the core of 
the late quartz-sericite (phyllic) alteration, which was 
intensively fractured and hence more permeable, but also 
non-reactive and rich in pyrite to generate acid waters. 
These acid solutions were able to permeate through the 
fractured, high grade primary mineralisation to leach and 
then transport copper via the same permeable, non-reactive 
host to ultimately be deposited in the supergene blanket 
when neutralised at the water table. The copper grades 
resulting from this enrichment averaged 2.0-3.0% Cu. This 
highly enriched blanket probably extended to the east and 
north of the main late quartz-sericite (phyllic) zone, but 
with reduced thicknesses and grades, in sectors with 
predominantly background potassic alteration, and hence 


more reactive and less permeable rocks. Subsequent 
tectonic uplift lowered the meteoric water table and the 
chalcocite rich supergene blanket in the late quartz-sericite 
(phyllic) zone was oxidised to produce hematitic leached 
remnants, while high grade copper sulphates were deposited 
in the adjacent potassic altered mineralised zones to the 
north and east. The early historic exploitation was centred 
on these sulphate zones, which were located close to 
sutface. Weaker sulphate zone remnants are still available 
at the northern end of the Chuquicamata pit. 


Copper solutions, derived from the intense leaching of the 
sulphide deposit, also circulated laterally, and were 
transported to the south along a favourable palaeo-channel 
following a depression topographically controlled by the 
West Fissure. These solutions were precipitating as exotic 
copper oxides at the bedrock-channel gravel interface to 
produce the major Mina Sur oxide copper deposit. Part of 
the palaeo channel is exposed today on the upper benches 
at the southern end of the Chuquicamata open pit. 
Reconnaissance drilling of this palaeo-channel has 
demonstrated the existence of two more periods of solution 
flow and copper oxide precipitation, which must been 
related to similar water table changes over the mother 
deposit. 


Conclusions 


e The main mineralising events at the Chuquicamata 
deposit have affected, been imposed upon, or are 
structurally emplaced within the different textural 
phases of the Chuqui Porphyry, evidencing that this 
intrusive complex is essentially a pre-mineral host 
rock. The source of the fluids responsible for the 
hypogene alteration-mineralisation and the porphyries 
that must be genetically related with those same 
events, have not yet been recognised and are probably 
deeper in the system, below the reach of the drilling 
undertaken to date. 

e The principal hypogene mineralising event is the 
intense potassic alteration (PI) phase, not recognised 
as such in previous geological models. This early 
event contributed abundant bornite, digenite, 
chalcopyrite and covellite mineralisation, structurally 
controlled by cataclastic deformation zones, in 
response to the combination of a complex set of 
deformational and hydrothermal pulses. More detail 
needs to be gathered on these grade and ore 
localisation processes. 

e An important set of quartz-molybdenite veins and 
veinlets were emplaced in the core of the deposit to 
form a body defined by a steeply dipping, tabular, 
vein-like envelope oriented in a general north-south 
to NNE direction in the central and southem sections 
of the mine (mine sections 2500mN to 3500mN). This 
body averages 0.13% Mo and because of its large 
tonnage represents an economic deposit in its own 
right. 

e The intense fate quartz-sericite (phyllic) alteration 
event, which is located in the western parts of the 
deposit, adjacent to the West Fissure, obliterated pre- 
existing mineralogical assemblages by introducing 
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significative quantities of S, Fe, As and Cu to the 
system. This event did not significantly remobilise 
and redistribute pre-existing copper mineralisation, 
but rather enhanced grades while maintaining the 
same pattern of copper distribution inherited from 
earlier alteration/mineralisation events. 

e The East Deformation Zone, consistently recognised 
and modelled along the eastern margin of the Chuqui 
Porphyry in the 2003 Geological Model, is interpreted 
to be the southern extension of the Messabi Fault. 
This structural zone seems to have played a key role 
in controlling the emplacement of the Chuqui 
Porphyry and successive mineralising events. 

e North of mine section 5100mN, where the Zaragoza 
and C-2 fault systems are the main structural features, 
the highest grade mineralisation events are clearly 
weaker, especially at depth where the background 
potassic alteration with its lower copper grades 
predominates. This indicates that the economic 
potential of that area is diminished at depth. 

e The variability and contrast of the copper grade within 
the deposit is larger than had been appreciated from 
previous models, The new 2003 Geological Model 
takes into account the geological controls that affect 
the grade variability, identifying the different 
hypogene alteration and mineralisation events, and 
allowing the new model to better represent the copper 
distribution throughout the deposit. 

e On the basis of the 2003 Geological Model, the 
estimated geological resource remaining at the giant 
Chuquicamata deposit is of the order of 3000 Mt at 
an average grade of 0.85% Cu. This is based on data 
from +350 000 m of drilling over a vertical interval 
of some 1800 m to the 1200 m RL elevation, and a 
cutoff grade of 0.5% Cu. 

e At depth, below the currently planned final open pit 
base, there are over 1000 Mt of 1% Cu primary ore, 
currently under detailed evaluation with drilling, 
ramps and cross cuts. The commencement of the 
underground phase of operations at the Chuquicamata 
mine, which will exploit this resource, is schedules 
for the year 2013. 
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Abstract - The Collahuasi district is located in northeastern Chile, approximately 200 km southeast of the 
port of Iquique. It defines an area of 1200 km? in the Western Cordillera of the Andes Mountains, between 
altitudes of 4000 and 5000 m above sea level. The district hosts a cluster of mineralised centres that currently 
comprise three porphyry copper, associated high level epithermal vein, and palaeogravel-hosted exotic copper 
deposits. The Quebrada Blanca, Ujina and Rosario porphyry copper deposits are currently in production, as 
are the Huinquintipa exotic copper accumulations. The Collahuasi porphyry deposits are spatially associated 
with the West Fissure/Domeyko Fault System and appear to have been emplaced during a period of dextral 
transpression between 35-34 Ma. 


Two major faults have segmented the Collahuasi district into three principal tectonic units. The central 
uplifted block of Collahuasi Formation is made up of Permian to Triassic andesite, dacite and rhyolite with 
small porphyry intrusions. The central block is separated from Jurassic sedimentary and volcanic rocks of 
the Cerro Empexa and Quehuita Formations to the west by the West Fissure, and is overlain to the east and 
north by extensive sheets of Cenozoic ignimbrites. To the east, the Collahuasi Formation is truncated by the 
Loa Fault that is a splay of the West Fissure Fault System. 


The Quebrada Blanca, Rosario and Ujina porphyry centres define a broad east-trending corridor between 
the West Fissure and Loa Faults. At Rosario, high-grade massive sulphide (Cu-Ag-Au) veins overprint 
porphyry-style copper-molybdenum mineralisation. Similar high-sulphidation veins occur in the La Grande 
and Poderosa areas southwest and southeast of Rosario respectively. Intermediate-sulphidation Ag 
mineralisation occurs in a long (3 to 5 km), semi continuous quartz vein in the Monctezuma Fault. West of 
the Rosario porphyry centre are several palacochannel systems containing exotic copper mineralisation. 
The present drainage system has dissected the original deposit resulting in preservation of several isolated 
mineralised bodies know as the Huinquintipa deposits. 


Mining in the Collahuasi district commenced with the Incas around 1400 A.D. and continues to the present 
day. During the early 1970s Anacaonda recognised that the geology and altered rocks at Quebrada Blanca 
were consistent with porphyry-style copper mineralisation. However, Quebrada Blanca was not delineated 
until the Superior Oil/Falconbridge Group optioned the property from the Chilean authorities in the late 
1970s. The Rosario porphyry copper-molybdenum-silver deposit was discovered in 1979, but it took another 
12 years for the Falconbridge, Shell Chile and Chevron Joint venture consortium to discover the economically 
significant Ujina porphyry Cu-Mo deposit. 


Introduction 
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The Collahuasi District (20°58’ S and 68°43’ W) is located 
in the high Andes in the First Region of northern Chile, 
15 km from the Bolivian border (Figs. 1 and 2). The 
deposits are located at altitudes which vary from 4200 to 
5000 m above sea level. Road systems connect the project 
with Chuquicamata, 150 km to the south and with the 
Pacific coast port city of Iquique, 200 km to the northwest. 


Historically, mining activity focused on the Cerro La 
Grande, Poderosa and Monctezuma areas where high- 
sulphidation Cu-Ag-Au and intermediate-sulphidation Ag 
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cropped out in high-grade veins (Fig. 4). Up to 300 000 
tonnes, grading 25% Cu, 180 g/t Ag and 2 g/t Au, were 
mined from these veins up to 1930. With predominantly 
hypogene sulphide reserves of 1094 Mt @ 1.03 % Cu 
(Moore and Masterman, 2002), Rosario constitutes an 
excellent example of an environment in which major high- 
sulphidation Cu-Ag veins have developed in a porphyry 
system. These veins account for approximately 10 % of 
the hypogene Cu ore at Rosario (Dick et al., 1994). Mineral 
reserves (plus production) at the Ujina deposit, 7 km east 
of Rosario, which include hypogene and supergene ore, 
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are 741 Mt @ 0.81% Cu (Moore and Masterman, 2002). 
La Profunda, a hydrothermally-altered intrusion intersected 
by drilling <2 km southeast Ujina has been tentatively 
identified as a further centre of mineralisation (Fig. 4}. The 
Quebrada Blanca deposit, situated 8 km southwest of 
Rosario, contains reserves of 281 Mt @ 1.23 % Cu. The 
Rosario and Ujina deposits are jointly owned by the 
consortium Falconbridge (44%), Anglo American (44%) 
and Mitsui (12%). Quebrada Blanca is owned 76.5% by 
Aur Resources, 13,5% by Sociedad Minera Pudahuel LTDA 
and 10% by Enami. Together, the deposits of the Collahuasi 
district comprise total reserves (plus production) of 2.2 Gt 
at 0.90% Cu. 


This manuscript describes the geology of the Collahuasi 
district and provides brief descriptions of the main deposits. 
We also summarise the mining history and give an overview 
of the modern exploration that led to the discovery of three 
world class copper deposits between 1977 and 1991. This 
paper has been modified from the Moore and Masterman 
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Figure 1: Map showing the location of the Collahuasi district 
relative to other major copper and gold deposits in Chile and western 
Argentina, Metallogenic belts representing the five major copper 
provinecs are also shown. Dashed contour lines are the depths to the 
Wadati-Benioff zone. Modified from Muntean and Einaudi (2000). 
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(2002) manuscript published in the extended abstracts 
volume “Giant Ore Deposits: Characteristics, genesis and 
exploration”, CODES Special Publication 4, Hobart, 
June, 2002, 


District Geology 


At Collahuasi, the north-trending Domeyko and Loa Faults 
(Fig. 2) separate three principal stratigraphic domains. In 
the west, Cretaceous continental volcanic and arenitic rocks 
(Cerro Empexa Formation) overlie deep to shallow marine 
Jurassic sedimentary rocks (Quehuita Formation). Both 
formations unconformably overlie continental to shallow 
marine volcanic and sedimentary rocks of the Permo- 
Triassic Collahuasi Formation. Extensive Cenozoic 
ignimbrite covers the basement stratigraphy in the northern 
part of the district. Chains of Miocene-Pliocene andesite 
stratovolcanoes, defining the Western Cordillera, occur east 
of the Collahuasi Formation near the north-trending Loa 
Fault. The upper Eocene-lower Oligocene Rosario and 
Ujina porphyry Cu deposits occur along the trace of a 
significant northwest-trending photogeologic lineament in 
the uplifted Collahuasi Formation (Fig. 2), 


Collahuasi Formation 


Permian to Triassic andesite, dacite and rhyolite, and small 
porphyry intrusions characterise the geology of the 
Collahuasi Formation (Fig. 3; Vergara and Thomas, 1984). 
Volcanic units are intercalated with arenites (of andesitic 
origin) and rare limestone lenses. The Domeyko Fault 
System defines the western edge of the Collahuasi 
Formation (Bisso ef al., 1998). The eastern edge of the 
Collahuasi Formation is not exposed, but is probably the 
Loa Fault. The northern termination of the Collahuasi 
Formation is poorly defined as the sequence is buried 
beneath the Huasco Ignimbrite (Vergara and Thomas, 
1984). The Collahuasi Formation extends south to 
Chuquicamata, but is absent beyond Calama (Figs. 1 and 2). 


The Collahuasi Formation was emplaced onto Proterozoic 
to early Palaeozoic basement of the Arequipa Terrane during 
the late Palaeozoic (Shatwell, 1995). Deposition occurred 
in a continental setting, characterised by dacitic and minor 
andesitic volcanism. The topography of the Permo-Triassic 
landmass facilitated deposition of volcano-sedimentary 
rocks in fluvial basins and lakes (Vergara and Thomas, 
1984), 


Quehuita Formation 


Sedimentary rocks of the Quehuita Formation, 
unconformably overlie the Collahuasi Formation (Figs. 2 
and 3), and are extensively exposed west of the Domeyko 
Fault. They consist of a lower member of deep marine 
mudstone and siltstone, and an upper member of shallow 
marine to subaerial continental limestones, calcareous 
sandstones, arenites and conglomerates (Vergara, 1978; 
Vergara and Thomas, 1984). Limestones and deep marine 
units in the lower marine member contain fossil associations 
that indicate a Jurassic age (Vergara and Thomas, 1984; 
Munchmeyer ef al., 1984). Growth faults in both members 
indicate deposition occurred in an extensional setting that 
was initially deep water but gradually shallowed upward 
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during seawater regression. Quehuita Formation System defines the eastern contact of the Cerro Empexa 
sedimentation is associated with back-arc extensional Formation. To the west, the Cerro Empexa Formation 
basins that formed during development of the Jurassic arc unconformably overlies the Quehuita Formation (Fig. 2). 
in northern Chile. Granite stocks, dated at 95 Ma, have intruded the Cerro 

Empexa Formation and led Vergara and Thomas (1984) to 
Cerro Empexa Formation assign a Cretaceous age for these units. Continental 
The Cerro Empexa Formation is a north-trending, elongate deposition of the Cerro Empexa Formation consisted of 
sequence of andesite and dacite lavas, volcanic breccias, andesitic-dacitic volcanic rocks and simultaneous 
and interbedded red-bed arenites and conglomerates (Figs. 2 emplacement of red bed deposits in an environment similar 


and 3; Vergara and Thomas, 1984). The Domeyko Fault to the modern arc of the Eastern Cordillera. 
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Figure 2: Simplified geological map of the Collakuasi district, The Rosario, Ujina and Quebrada Blanca (QB) deposits occur in thc Collahuasi 
Formation bound on the cast and west by the Loa and Domeyko faults respectively. Note that the Rosario and Ujina deposits occur on a northwest- 
striking photogeologic lincament interpreted from merged LandSat-SPOT imagery. The outline box shows the outline of Figure 3. Geolo 
modified from Vergara and Thomas (1984), reproduced from Masterman et al, (2003). T 
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Cenozoic Rocks 


Three discrete ignimbrite bodies, the Huasco, Ujina and 
Pastillos Ingimbrites, occur in the northern and eastern parts 
of the Collahuasi district (Figs. 2 and 3). They have been 
dated by Vergara and Thomas (1984) at 17.1, 9.3 and 
0.75 Ma, respectively, Recent andesite flows erupted 
between 7.4 and 3.4 Ma (Vergara and Thomas, 1984), and 
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with stratovolcanos (150 m) 
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-750 m 
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Andesite, sandstone and conglomerate 


CRETACEOUS  TERTIARY 
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originated from stratovolcanoes that mark the position of 
the modern arc. 


Intrusive rocks 


Intrusive bodies ranging in composition from diorite to 
monzonite, granodiorite and granite occur throughout the 
Collahuasi district (Fig. 2; Munchmeyer ef al., 1984; 
Vergara and Thomas, 1984). Pre-continental arc Palaeozoic 
granite and granodiorite are restricted to the Collahuasi 
Formation. Late Cretaceous — early Tertiary quartz diorite 
and granodiorite occur throughout the Cerro Empexa, 
Quehuita and Collahuasi Formations. Late Eocene quartz- 
monzonite intrusions, related to porphyry copper 
mineralisation, were emplaced exclusively within the 
Collahuasi Formation (Munchmeyer et al., 1984; Vergara 
and Thomas, 1984). 


Structure 


Two major faults have segmented the Collahuasi district 
into three principal tectonic units (Fig. 2). The central, 
uplifted block of Collahuasi Formation corresponds with 
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~1050 m 
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Figure 3: Collahuasi regional (left) and Rosario district (righi) 
stratigraphic columns (after Muchmeyer et al., 1984; Vergara and 
Thomas, 1984). Munchmeyer et al., (1984) informally subdivided the 
Collahuasi Formation into thirteen sub-units based on their volcanic and 
sedimentary facios characteristics, The age of the Collahuasi Formation 
has been constrained by a latc Triassic granodiorite pluton (229-211 Ma) 
that intruded the base of the volcanic and sedimentary sequence. Orc 
grade copper at Rosario is localised in the Rosario Porphyry, a monzonite 
stock, which has been emplaced at the base the Condor Unit. 
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the northward continuation of the Domeyko Cordillera that 
is bound to the west by the Domeyko Fault. At Collahuasi, 
the eastern edge of the Domeyko Cordillera is defined by 
the active volcanic front of the Western Cordillera. West 
of the Domeyko Fault System, sedimentary and volcanic 
units of the Cerro Empexa and Quehuita Formations are 
folded isoclinally and dip steeply into the Longitudinal 
Valley. 


The Loa Fault ts defined by a series of concave to the west 
arcuate faults (inverted basin structures). These structures, 
although not well exposed, extend north along the trace of 
the Loa River. At Collahuasi, the Loa Fault passes to the 
east of Ujina beneath the Ujina Ignimbrite. Several 
Collahuasi drill holes have intersected the Loa Fault, where 
it cuts the La Profunda Granite. Dick et al, (1994) and 
Clark et al. (1998) proposed that the Loa Fault splayed from 
the Domeyko Fault System north of El Abra. 


Folding 


Open, upright NW-trending folds have developed in the 
Collahuasi Formation. Vergara and Thomas (1984) 
interpreted the long wavelengih north-trending fold at 
Quebrada Blanca to be related to doming by the Quebrada 
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Blanca plutonic complex. The age of the oldest intrusive 
rocks at Quebrada Blanca is late Triassic-middle Jurassic, 
indicating that at least one of the folding events recorded 
in the Collahuasi Formation occurred during the Mesozoic. 
Tight north-trending anticlines and synclines, partitioned 
into the Quehuita and Cerro Empexa Formations, are 
characterised by subvertical and locally overturned fold 
limbs, some of which are related to reverse faults. The 
sub-horizontal strata of the Cenozoic volcanic and 
sedimentary rocks have not been folded. 


Regional-Scale Faults 


Palaeozoic basement rocks of the Collahuasi Formation 
have been thrust over Mesozoic rocks west of the Collahuasi 
District along several northwest- trending reverse faults 
(Fig. 2), In addition, Quehuita Formation has been 
overthrust by Cerro Empexa Formation along the high- 
angle Copaquire Fault west of Quebrada Blanca. The 
Copaquire Fault cuts the Malta Granite (Fig. 2) which has 
been dated at 45 + 5.2 Ma (Vergara and Thomas, 1984), 
However, further south, the Copaquire Fault is intruded by 
Malta Granite (Fig. 2), suggesting syn-tectonic magmatism 
along this structure (Vergara and Thomas, 1984). 
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Figure 4: Schematic map showing the distribution of porphyry deposits and epithermal veins in the Collahuasi district. The induced 
polarisation (IP) anomalics surrounding each of the porphyry centres arc interpreted to delimit the extent of hydrothermal alteration. The shaded 
arcas represent the mineralised zones. Precious metals in tate-stage high-sulphidation veins arc zoned from Cu-Ag rich at Rosario to Au-Cu rich in 


the Cerro La Grande area (c.g., the La Grande vein), Vein morphology (banded and comb textures) and orc and ganguc mincralogy of the Monctezuma 
Ag vein arc characteristic of low-sulphidation mincralísation (c.g., Hedenquist, 1987; White and Hedenquist, 1990; 1995). The gravcl-hosted 
Huinquintipa exotic copper deposit occurs in a palacodrainage system that originated at Rosario. Present drainage systems south of Cerro La Grande 
contain placer gold. Section lines A-A" and B-B' indicate thc locations of cross sections through the Rosario and Ujina deposits, respectively (Figs. 
4 and 5). Modified from Dick et al., (1994), reproduced from Masterman el al., (2003). 
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Sinistra! offset of the Copaquire Fault north of Quebrada 
Blanca (Fig. 2), indicates that strike-slip movement along 
the Domeyko Fault occurred after the middle Eocene. The 
northern extension of the Domeyko Fault beyond the 
Collahuasi district is buried beneath Miocene-Pliocene 
ignimbrite and unconsolidated sedimentary rocks (Fig. 2), 
indicating that this strand of the Domeyko Fault System 
has not been reactivated since the Neogene. 


District-Scale Fauits 


A system of north-south to north-northeast-trending, 
subvertical faults has cut the volcanic stratigraphy south 
of Rosario (Fig. 4). Some of these faults have localised 
high-grade Cu-Ag-Au veins. Munchmeyer et al., (1984) 
suggested that development of the La Grande and 
Monctezuma fault systems was related to strike-slip 
movement on the Domeyko Fault. A second group of faults 
striking northwest (dipping 45°-60° SW) have also localised 
high-grade Cu-Ag-Au mineralisation at the Rosario Cu- 
Mo-Ag deposit (Dick et al., 1994; Lee, 1994; Masterman, 
2003). 


At Quebrada Blanca, a series of shallow southwest-dipping 
faults has imposed structural control on Jate hydrothermal 
veins (Hunt et al., 1983; Rowland and Wilkinson, 1998). 
This orientation corresponds with the SW-dipping fault 
system at Rosario. The NE-trending Quebrada Blanca Fault 
cuts porphyry-style mineralisation (Fig. 4), but may have 
developed before intrusion of the complex and influenced 
its emplacement (Johny Bonilla, Chief Geologist Compañia 
Minera Quebrada Blanca S.A., pers. com. 2000). 


Quebrada Blanca Porphyry Cu-Mo 
Deposit 
Geological Relationships 


The Quebrada Blanca intrusive complex is hosted by a 
Permian granite batholith that intruded a north-trending 
anticline of folded Collahuasi Formation volcanic units 
(Fig. 5; Munchmeyer et al., 1984; Rowland and Wilkinson, 
1998). The volcanic stratigraphy consists of several 
andesite flows interfingered with epivolcaniclastic 
sandstone of andesitic origin. Rhyolitic and dacitic 
pyroclastic rocks overlie the andesite and sandstone units 
(Hunt et al., 1983). The mineralised intrusions define an 
ENE-trend that cuts the axis of the anticline. Copper 
mineralisation is associated with several generations of 
igneous activity. 
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Alteration and Mineralisation 


At Quebrada Blanca, copper ore is mined predominantly 
from the supergene zone. A detailed description of 
hypogene mineralisation styles is presented in Rowland 
(1998). Early chalcopyrite-bornite mineralisation at 
Quebrada Blanca is associated with a quartz monzomite 
stock and a porphyry dyke suite, whereas late chalcopyrite- 
molybdenite-pyrite mineralisation is associated with cross- 
cutting igneous and hydrothermal breccia bodies (Rowland, 
1998; Rowland and Wilkinson, 1998; Hunt et al., 1983). 
Quebrada Blanca vein and alteration paragenesis is detailed 
in Table 1. 


The Quebrada Blanca stock is intensely biotite altered along 
its northern contact. Hunt et al., (1983) defined this facies 
as a discrete mafic (diorite) intrusion. Disseminated 
bornite-chalcopyrite mineralisation is spatially associated 
with potassic alteration in the granodiorite core of the quartz 
monzonite intrusion. The highest molybdenite grades occur 
along the Quebrada Blanca Fault. Potassic alteration grades 
out to chlorite-epidote in the southern sector of the deposit 
(Hunt et al., 1983). A funnel-shaped zone of pervasive 
sericite alteration surrounds the vuggy hydrothermal breccia 
unit (Rowland, 1998). Secondary copper-arsenic oxide 
minerals occur at the top of the hydrothermal breccia body 
in the supergene zone (Johny Bonilla: chief geologist 
CMQB, pers. com. 2000) suggesting they were derived by 
oxidation of primary copper-sulphosalt minerals. The 
vuggy breccia zone and associated copper-sulphosalts may 
have originated from hydrothermal fluids of high- 
suiphidation character. 


At least two tourmaline breccia bodies containing 
chalcopyrite are defined on the northern and eastern margins 
of the intrusive complex (Rowland and Wilkinson, 1999). 
Their relationship to breccia bodies in the central 
mineralised zone at Quebrada Blanca is unclear, although 
Hunt ef al., (1983) speculated that tourmaline breccias 
postdate igneous breccias in the core of the Quebrada 
Blanca complex. 


Rosario Porphyry Cu-Mo-Ag Deposit 
Geological Relationships 

The Rosario porphyry deposit is hosted in andesitic to 
rhyolitic volcanic units of the Collahuasi Formation. The 


volcanic rocks are interbedded with volcaniclastic 
sandstone and minor limestone (Fig. 62; Dick et al., 1994; 


Pre-ore Biotite-magnetite + potassic halo 
Early Quartz-k feldspar-anhydrite-magnetite- x potassic or sericitic halo 
sulphides 
Quartz + potassic/sericitic halo 
Hydrothermal breccias Quartz-molybdenite-chalcopyrite + + Sericitic halo 
anhydrite 
Tourmaline breccias Tourmatine-chalcopyrite-bomite- Tourmaline 
molybdenite-pyrite 
Late Pyrite > quartz 
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Lee, 1994; Masterman, 2003). A southwest-dipping system 
of brittle faults (the Rosario Fault System) cuts the 
intrusions that host copper mineralisation. Lee (1994) and 
Dick et al., (1994) recognised that the Rosario Fault System 
was an important control on high-grade hypogene copper 
mineralisation and also served to localise overprinting 
supergene mineralisation (Fig. 6a). 


There are two main feldspar-quartz-biotite porphyritic 
intrusions showing discordant contact relationships 
(Fig. 6a). A granodiorite dyke, the Collahuasi Porphyry, 
was intruded by a quartz monzonite known as the Rosario 
Porphyry (Lee, 1994). A third porphyritic unit, the Inés 
Porphyry, has been interpreted by previous workers as a 
pre-mineralisation dacitic intrusion with a sill-like geometry 
(Munchmeyer ef al., 1984; Lee, 1994; Bisso et al., 1998; 
Clark ef al., 1998). The northwest-trending Collahuasi 
Porphyry ts between 50 and 300 m wide and has a strike 
length of 8 km (Munchmeyer et al., 1984). Its southeastern 
end is situated 3 to 4 km beyond the limit of the Rosario 
hydrothermal system. The northwest-trending Rosario 
Porphyry is 300-500 m wide and up to 1500 m long and 
has been delineated to a depth of 1000 m. Low-grade, 
veinlet and disseminated porphyry-style copper- 
molybdenum mineralisation is centred in and around the 
Rosario Porphyry (Lee, 1994; Masterman, 2003). In 
contrast, high-sulphidation copper-sil ver massive sulphide 
veins are localised in the Rosario Fault System, which cuts 
porphyry-style copper-molybdenum ore in the centre of the 
Rosario Porphyry (Fig. 6a; Dick e? al, 1994; Lee, 1994). 
Hypogene copper grades are high in the Collahuasi and 
Inés porphyries near the Rosario Fault System, although 
copper grades and the intensity of hydrothermal alteration 
decrease outward from the Rosario Porphyry (Masterman, 
2003). 


Alteration and Mineralisation 


The history of hydrothermal activity at Rosario was first 
described in a detailed study by Lee (1994). A revision of 
his alteration-mineralisation paragenesis is provided in 
Masterman (2003) and Masterman ef al., (in press). 
Multiple, overprinting generations of mineralisation and 
alteration are grouped in Table 2, modified from the main 
paragenetic classifications of Lee (1994). Early-, 
transitional- and intermediate-stage veins constitute the 
porphyry-related mineralisation at Rosario, while late-stage, 
massive sulphide veins belong to the high-sulphidation- 
style mineralisation. The distribution of the alteration zones 
is illustrated in cross section in Fig. 6b. 


The earliest alteration, apparently barren, is dominated by 
disseminated and veinlet-style magnetite, in varying 
proportions, Chalcopyrite-bornite mineralisation occurs in 
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early-stage quartz-biotite-albite and quartz-K feldspar veins 
that cut the magnetite veining (Masterman, 2003). These 
early-stage veins are associated with biotite-albite-K 
feldspar alteration within and around the Rosario Porphyry 
(Fig. 6b). The greatest proportion of biotite-albite alteration 
occurs in the country rocks surrounding the Rosario 
Porphyry, with only a small amount within the intrusion 
itself. Molybdenite is found in transitional veins as flaky 
aggregates intimately intergrown with anhedral quartz and 
variable amounts of K feldspar. These transitional veins 
cross-cut all early-stage veins, and in turn, have been 
overprinted by intermediate-stage veins. The intermediate- 
stage veins, corresponding to the Group 2 veins of Lee 
(1994), consist of quartz, pyrite and chalcopyrite, with illite- 
chlorite alteration envelopes. 


Late-stage, high-sulphidation copper-silver veins are 
localised by the southwest-dipping Rosario Fault System 
and define a zone of high copper grades, locally greater 
than 10 wt. percent (Fig. 6b; Dick et al., 1994; Lee 1994). 
Sulphide and sulphosalt minerals in the late-stage veins 
include tennantite and accessory enargite, chalcocite, 
covellite, mawsonite (Cu,Fe,SnS,) and colusite 
[Cu,(As,Sn,V,Fe)S,] in addition to pyrite, bornite and 
chalcopyrite. Quartz-alunite-pyrite alteration proximal to 
late-stage veins has been overprinted by an alteration 
assemblage of pyrophyllite-dickite (Masterman, 2003). 
This envelope of advanced argillic alteration passes out 
through muscovite-quartz-pyrite to illite-smectite altered 
rocks, distal to the veins. The muscovite-quartz-pyrite 
assemblage is interpreted to have formed 
contemporaneously with the pyrophyllite-dickite 
assemblage. 


Huinquintipa Exotic Cu Deposit 


The exotic copper mineralisation within the east-west 
striking Huinquintipa palaeodrainage system originates 
from the Rosario mineralised centre. Gravels were 
transported from the east and impregnated with exotic 
copper oxide minerals following deposition in the 
palaeochannel (Munchmeyer, 1996). The present drainage 
system has dissected the original deposit, dividing the 
remaining preserved mineralisation into several isolated 
bodies (Munchmeyer et al, 1984). Economic copper 
mineralisation at Huinquintipa occurs over an area of | km 
by 150 m, averaging 10 m in thickness (Figs. 4 and 5). 
Zonation of exotic copper species and hydrothermal 
alteration minerals is evident along the 6 km length of the 
palaeochannel (Munchmeyer, 1996). Near Rosario, the 
gravels are unaltered and cemented by abundant limonite, 
Approximately 2 km from Rosario, pervasively kaolinised 
gravel fragments are cemented by copper wad and kaolinite. 
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Figure 6: Northeast-southwest section through the Rosario deposit from Masterman et al., (2004; see Fig. 3 for the location of the section): 


A - Geological cross section. Hypogenc copper grade contours are shown at the 0.6, 1.0 and 1.5 wt. percent levels. The highest copper grades 
(>1.5 wt. % Cu) occur in the late-stage veins associated with the southwest dipping Rosario fault system. The 1 wt. % Cu contour closely 


follows the outline of the Rosario Porphyry. 


B - Cross section showing alteration. The Rosario fault system has imposed strong structural contro! on late-stage alunitc-pyrophyllitc-dickite- 
quartz alteration. This facies grades outward to muscovitc-quartz alteration. Relict lenses of carly-stage magnetite, biotite-aJbitc and K feldspar 
altered rock have been preserved in the hanging wall ncar the Rosario Fault, but these facics mostly occur in the footwall where the rocks are less 
affected by faulting. Illitc-chlorite alteration has incipiently overprinted early-stage potassic alteration. 
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At Huinquintipa, weakly altered to unaltered gravel 
fragments are cemented by chrysocolla and accessory 
copper wad. The mineralised area terminated abruptly at 
the transition from the palaeochannel into a small 
palacobasin (1.5 km wide, 100 m deep), Munchmeyer 
(1996) suggested that increasing pH (due to rock-fragment 
reaction and possibly fluid mixing) triggered deposition of 
exotic copper at Huinquintipa. The fluids were strongly 
diluted when they entered the palacobasin preventing 
further significant copper precipitation. 
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Figure 7: East-west cross-section through the La Grande veins 
(from Masterman, 2003). The subvertical veins cut coherent volcanic 
rocks, interbedded with thick (10-50 m) sedimentary units. The rocks 
dip 40° to the northeast. Amygdaloidal andesite, interbedded with 
crystal-sandstone at the bottom of the sequence, are overlain by 
porphyritic and mega-crystic andcsitc, and porphyritic dacitc, 
Hydrothermal alteration of the wall rocks is typically restricted to a 
zone, 25 m wide, cither side of the veins, but reaches 50 m in the 
amygdaloidal andesite. Alteration zoning is characterised by 
pyrophyllitc-alunite-dickite next to the vein, surrounded by muscovite 
that grades out to an illite-smectite fringe. The volcanic rocks are 
altered to cpidote-chlorite beyond the zonc of illite-smoctite alteration. 
Vcin mincrals are pyrite, enarpite, chalcocite, and borite. The vein 
has a maximum thickness of 15 m, and averages 30 wt. % Cu, 
70 g/t Ag and 0.8 g/t An. 
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La Grande, Capela and Poderosa 
Cu-Ag-Au Veins 


The mineralisation and alteration styles at La Grande, 
Capela and Poderosa are similar to the late-stage 
hydrothermal veins at Rosario. The distribution of these 
vein systems is shown in Figs. 4 and 5. At La Grande, 
massive sulphide veins consist of pyrite-bomite-chalcocite- 
enargite with accessory mawsonite and colusite (Masterman 
2003). Alteration facies consist of proximal advanced 
argillic associations (pyrophyllite-alunite-dickite) that grade 
outward through sericite-quartz to epidote-chlorite 
alteration (Fig. 7; Masterman, 2003). 


The Capela vein group occurs southeast of Rosario and is 
characterised by a series of massive pyrite veins, locally 
enriched in copper. The copper-silver veins at Poderosa 
lie along a NNW-trending structure that is rotated parallel 
to the Rosario Fault at the Rosario deposit. Vein sulphide 
associations consist of bornite-tennantite-chalcopyrite- 
enargite-pyrite (Munchmeyer ef a/., 1984). 


Monctezuma Ag Vein 


The Monctezuma intermediate-sulphidation vein dips 
subvertically to the west and has been traced along surface 
and intersected in drill holes over a total strike length of 
7 km. The vein varies from | to 5 m in width, and crops 
out as banded, cockade quartz that has been impregnated 
by manganese oxides and limonite. Below the base of 
surface oxidation, sphalerite, pyrite, galena and chalcopyrite 
are found, with accessory polybasite, argentopyrite, 
argentite, stephanite, tetrahedrite, and native silver and gold 
in a quartz-rhodochrosite gangue. In a 1 km segment of the 
vein, several Collahuasi drill holes have intersected a 
narrow (20 to 30m) vertical enrichment zone that occurs at 
the base of oxidation. This interval grades between 500 
and 1000 g/t Ag, and passes down dip into hypogene 
mineralisation grading 200 to 500 g/t Ag. (Munchmeyer ef 
al., 1984). 


Ujina Porphyry Cu-Mo Deposit 
Geological Relationships 


The host rocks at Ujina belong to the volcanic rocks of the 
Collahuasi Formation and are broadly correlated with those 
at Rosario. The Ujina stratigraphy consists of a thick basa! 
andesite (possibly several flows) overlain by rhyolite and 
sedimentary breccia (Fig. 8a; Bisso et al, 1998). Two 
principal feldspar-quartz-biotite porphyry intrusions are 
recognised at Ujina. The main host intrusion is the Ujina 
Porphyry which comprises a cylindrical granodiorite stock 
(1200 m in diameter) intruded by a series of north- and 
northwest-trending granodiorite dykes assigned to the Inca 
Porphyry unit (Bisso ef al., 1998). The relationship between 
the two intrusions is shown in cross section in Fig. 8a. The 
highest hypogene copper grades are associated with the 
Ujina Porphyry which is altered to K feldspar + biotite and 
muscovite-illite-quartz-chlorite-pyrite. The weakly 
mineralised Inca Porphyry is interpreted to have intruded 
the Ujina Porphyry before the cessation of hydrothermal 
activity. 
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Deposit Stage Vei 
1 * 
a ein fill Wall-rock alteration halo 
Rosario Porphyry style 
Pre-ore j 
: Magnetite Disseminated magnetite 
arty stage (I) Quartz + biotite + aibite + chalcopyrite + pyrite Biotite-albite 
Early stage (li) Quartz + K feldspar + chalconpyri i i 
rtz pyrite + borite + K feldspar i i 
Dio ab par x biotite + albite 
Transitional Quartz-molybdenite 
intermediate stage Quartz + pyrite chalcopyrite litite-chlorite 
High-suiphidation epithermal style 
Late stage (1) Pyrite-quartz-alunite Quartz-alunite 
Late stage (ll) Bomite + chalcopyrite + chalcocite 
Late stage (III) Tennantite + enargite Pyrophyllite-dickite near veins; 
۱ muscovite distal from vei 
Ujina Porphyry style inm 
Early stage Quartz + chalcopyrite + bomite K feldspar + biotite 
intermediate stage Quartz + molybdenite White mica + quartz x chlorite 
Late stage Pyrite + chalcopyrite + quariz White mica + quartz 
" Modifies from Lee (1994). 


Table 2: Vein and Alteration Mineral Paragenests at Rosario and Ujina. 


Alteration and Mineralisation 


The alteration and mineralisation paragenesis is presented 
in Table 2, while the distribution of alteration assemblages 
is shown in Fig. 8b. [n contrast to Rosario, there are two 
main stages of hypogene mineralisation and alteration at 
Ujina. The early-stage potassic alteration, centred on the 
Ujina Porphyry, is characterised by a K feldspar core that 
passes out to biotite alteration (Fig. 8b). Accessory calcite 
has been recognised in association with hydrothermal 
biotite and K feldspar. Ore minerals associated with the 
potassic alteration include disseminated and veinlet-style 
chalcopyrite and bornite. Quartz-molybdenite veins, which 
lack recognisable alteration haloes, cut the early-stage veins 
and are themselves cut by the main-stage veins. The main- 
stage veins consist of pyrite-chalcopyrite-quartz surrounded 
by illite-chlorite alteration envelopes. Kaolinite and 
smectite occur in patches across the top of the Ujina 
alteration system, and are possibly supergene. 


Hypogene sulphide mineralisation at Ujina is concentrically 
zoned about the Ujina Porphyry (Bisso ef al., 1998). 
DeBeer and Dick (1994) described a low-sulphide core of 
chalcopyrite-bornite grading outwards through 
chalcopyrite-pyrite to an outer pyrite shell. Hypogene 
copper distribution is also concentrically zoned, with the 
highest Cu grades forming an annulus about the low- 
sulphide potassic core (Fig. 8b; Bisso ef a£, 1998). This 
high-grade zone coincides with the cylindrical contact 
between the Ujina Porphyry and the surrounding Collahuasi 
Formation host rocks (Fig. 8b). 


Geochronology 


New geochronologic data from Masterman ef al., (2004) 
constrain the ages of hydrothermal activity in the Rosario 
and Ujina deposits. An “Ar/?Ar age of 34.4 10.3 Ma was 
obtained for igneous biotite in the Rosario Porphyry that 
hosts copper mineralisation at the Rosario deposit. Illite 
and hypogene alunite from separate overprinting alteration 
events yielded “Ar/%Ar ages of 34.5 +0.5 Ma and 32.6 
+0.3 Ma, respectively. A Re-Os age of 33.3 10,2 Ma for 


molybdenite at Rosario is slightly younger than the 
Ar? Ar age of illite, but older than the alunite. An 
“ArP?9Ar age of 32.7 +1.6 Ma for hypogene alunite from 
the La Grande copper-silver-(gold) vein south of Rosario 
is indistinguishable from the age of Rosario alunite. At 
Ujina, the 9 ArP?Ar age of igneous biotite for the Ujina 
Porphyry that hosts copper mineralisation is 35.2 + 0.3 Ma. 
By contrast, the post mineralisation Inca Porphyry yielded 
a biotite Ar? Ar age of 34.7 10.3 Ma. 


The age of igneous biotite in the Rosario Porphyry implies 
that porphyry-style ore and alteration minerals in the 
Rosario deposit had formed by 34.3 Ma. The ages of alunite 
at Rosario and La Grande indicate that a second discrete 
episode of hydrothermal activity was superimposed, 
1.8 10.4 m.y. later, overprinting the earlier-formed porphyry 
Cu system. Hydrothermal activity at Ujina is constrained 
by the * Ar? Ar ages of igneous biotite in the pre- and post- 
mineralisation intrusions and occurred during a minimum 
interval of 0.5 +0.4 m.y. The biotite granite at La Profunda, 
1.5 km east of Ujina, has an igneous biotite age of 
81.2 42.9 Ma, indicating that this intrusion is unrelated to 
the mineralised Eocene-Oligocene porphyry intrusions at 
Ujina, Rosario and Quebrada Blanca. 


Historical Mining 


Evidence of the earliest exploitation of copper at Collahuasi 
was identified during environmental baseline studies (von 
Fersen, 1993). Archaeologists identified an important [nca 
settlement, probably dating from around 1400 A.D., just a 
few kilometres from Collahuasi. Within these ruins a 
copper smelting facility was located, along with crude 
copper jewellery. 


The first recorded production comes from the 1890’s when 
20 000 tonnes of silver ore were mined and shipped from 
the Monctezuma veins. Underground mines were 
developed at La Grande in 1899 and shortly afterwards at 
the copper-rich Poderosa vein system (Figs. 4 and 5). Ore 
grades from the La Grande and Poderosa vein systems 
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Figure 8: Northeast-southwest section through the Ujina deposit. 


A - Geology modified from Bisso et al. (1998). The highest hypogene copper grades occur in the Ujina Porphyry, whereas the lowest grades 
(< 0.4% Cu) are spatially associated with the post-mincralisation Inca Porphyry. This has resulted in reverse copper grading, with the highest 
grades around the edges of the Ujina Porphyry. 

B - Alteration (Compañia Minera Doña Inés de Collahuasi, 1993, Collahuasi prefeasability study, Internal Report, Compañia Minera Doña Inés 
de Collahuasi, Santiago, 27 p). Early biotite and K feldspar alteration, preserved on the northwest edge of thc Ujina Porphyry, coincides with 


the highest grades. White mica-chlorite altcration has overprinted biotite and K feldspar altered rocks. Chliorite-cpidote altered rocks occur on 
the margins of the intrusive centre. 
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averaged between 23 and 32% Cu plus 200 to 300 g/t (7 to 
10 ounces/ton) Ag. A spur line to Poderosa and La Grande 
from the Antofagasta-Bolivia railroad was completed in 
1907. Atthis time, more than 15 companies were exploring 
and developing vein type mineralisation in the district. 
Because of the continuity of the Poderosa vein, it became 
the largest producer in the district, and in 1910, produced 
23 241 tonnes grading 21.5% Cu and 200 g/t (7 oz/ton) Ag. 
In the same year the total district production was 
41 237 tonnes grading 22.65% Cu, accounting for 25% of 
the entire annual Chilean output. During the height of 
activity between 1907 and 1920, over 2000 people lived 
and worked at Collahuasi. 


During the early part of the Twentieth Century, the 
underground mines at La Grande and Poderosa were 
operated by French and English companies. In 1923 the 
operations were merged to form the Poderosa Mining 
Company which continued to extract copper ore until 1930, 
when, due to low prices brought on by the depression, the 
mines were forced to close. Until that time, the copper 
veins at Collahuasi represented the third most important 
copper producer in Chile. 


The Quebrada Blanca area was worked for gold by artisanal 
miners in the period from 1905 to 1930, during the heyday 
of the Poderosa Mining Company at Collahuasi. However, 
it was not until the late 1950's that significant attention 
returned to the Quebrada Blanca area when the Chilean 
subsidiary of Anaconda, the Chile Exploration Company, 
pegged claims over the area (Hunt and Bratt, 1981). The 
target was chosen for follow-up on a regional airborne 
colour photography survey along the West Fissure Fault 
System. Geologists from the Chile Exploration Company 
produced the first geological maps and predicted the 
existence of a secondary enrichment blanket (Hunt and 
Bratt, 1981). 


Modern Exploration 


In 1973, the Chilean government invited the Superior Oil/ 
Falconbridge group to consider investing in the copper 
industry, and provided a group of eight prospects from 
which to choose. A joint venture controlled by Superior 
Oil was formed and in 1977 the Quebrada Blanca deposit 
was chosen for detailed investigation, based on the results 
of previous work by Anaconda. Although Codelco drilled 
the first hole into Quebrada Blanca, the deposit was not 
delineated until the Superior Oil/Falconbridge Group 
optioned the property from the Chilean authorities. The 
Rosario and Ujina areas were optioned from private 
interests and exploration subsequently led to the discovery 
of the Rosario porphyry system in 1979. In response to 
corporate restructuring and difficult economic times, the 
project was recast as a joint venture between Falconbridge, 
Shell Chile and Chevron. This joint venture was operated 
by a management company which was controlled by 
Chevron and Shell Chile and it conducted the exploration 
that eventually led to the discovery in 1991 of the 
economically important Ujina porphyry deposit. The main 
exploration tools used were induced polansation, surface 
mapping, and reverse circulation dnlling. 
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Discussion and Conclusions 


The Collahuasi deposits, situated at the northern end of the 
late Eocene-early Oligocene porphyry belt, are spatially 
associated with the Domeyko Fault System, although their 
emplacement was not directly controlled by this structure. 
Instead, the Quebrada Blanca and Ujina porphyry centres 
were formed contemporaneously on the western and eastern 
edges respectively of the Palaeozoic basement horst 
between the West-Fissure-Domeyko and Loa Faults. This 
was followed by formation of the Rosario Porphyry in the 
centre of the basement horst, suggesting that the 
emplacement mechanism was controlied by the evolution 
of district-scale brittle structures within the Collahuasi 
district during the late Eocene-early Oligocene. 


Early potassic and late low pH hydrothermal alteration at 
Rosario-La Grande clearly indicate a significant 
contribution from a magmatic-hydrothermal reservoir. No 
data are currently available that indicate external fluids 
contributed significantly to the metal budgets of the 
Collahuasi porphyry deposits. The superimposition of a 
late advanced argillic assemblage onto early potassic 
alteration indicates that they were discrete events 
(Masterman, 2003; Masterman ef al, 2004). Telescoped 
epithermal mineralisation required rapid exhumation of the 
Rosario intrusive complex to the crustal level of the 
epithermal environment. Exhumation and erosion of the 
overlying pile at Quebrada Blanca and Ujina to depths of 
the epithermal environment are interpreted to have been a 
district-wide event that was contemporaneous with 
epitherma! mineralisation at Rosario. Certainly, the Ujina 
deposit had been eroded to at least the top of the hypogene 
sulphides by the middle Miocene, as oxidation of pyrite is 
inferred to have formed alunite, thus providing a minimum 
age of 15 Ma for the supergene enrichment in the Collahuasi 
district. 


The discovery of the Collahuasi district porphyry copper 
deposits resulted from the consistent use of a well 
established mineral deposit model along the structural 
extension of a significantly mineralised district. Quebrada 
Blanca, the best exposed was discovered first, Rosario, 
which is more deeply buried, took longer to be recognised, 
while Ujina, that was partially obscured by recent gravels 
and ignimbrite, and which exhibited the fewest clues, was 
found last. The discovery of all three deposits could have 
been accomplished without high technology tools such as 
IP and Landsat images, but these tools added a layer of 
information to the geological observations that validated 
the working model. 
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THE GEOLOGY OF THE ANTAMINA COPPER-ZINC DEPOSIT, 
PERU, SOUTH AMERICA 


Eric J. Lipten and Scott W. Smith 


Compañía Minera Antamina S.A., Peru 


Abstract - Antamina is the largest known copper-zinc skarn (>3000 Mt @ 1.1% Cu and 1.3% Zinc) in the 
world. It is located in the Northern Andes in Peru, 270 km north of Lima. The deposit formed at approximately 
10 Ma by the emplacement of quartz monzonite intrusions into Mid to Late Cretaceous limestones of the 
Celendin and Jumasha Formations. Mineralisation is hosted as a series of zoned green and brown garnet 
endoskarns and exoskarns in the form of chalcopyrite, bomite and sphalerite. Elements present within the 
deposit of significant quantities to affect concentrate value are Cu, Zn, Mo, Ag, Bi and Pb. Antamina 
produces four concentrates, namely, copper (chalcopyrite and bomite), zinc (sphalerite), molybdenum and 


lead-silver-bismuth. 


Introduction 


The Antamina Copper Zinc Deposit (9? 32'S Latitude; 
77? 04'W Longitude; 4100-4700 m above sca level) is 
located in the North Central Andes of Peru, 270 km in a 
straight line north of Lima. Huaraz is the closest large city 
to the mine and it can be reached by direct flight from Lima 
or by a six hour drive. Access to the mine, east of Huaraz, 
is by a 3.5-hour drive on a 200 km paved road (Fig. 1). 


The Antamina deposit is a very large copper-zinc skarn 
with silver, molybdenum, lead and bismuth formed by the 
intrusion of a quartz monzonite body into limestones. 


The Antamina mining project is the largest industrial project 
ever in Peru, The investment amount for the construction 
phase was 2.3 biltion US dollars, covering the mine site, 
port facilities and the 320 km pipeline which carries copper 
and zinc concentrates from the mine to the coast. 
Construction began in 1999 and on 11 July, 2001 the first 
concentrate was shipped from the Pacific coast Port of 
Huarmey. Peruvian President Toledo formally inaugurated 
the Antamina mine on 14 November, 2001. 


Historical artisanal mining was undertaken in the Antamina 
Valley for several centuries. The first recorded owner and 
operator was Leopold Pflucker in 1850. He built a small 
copper and lead smelter at Juproc using coal from nearby 
outcrops. The Italian naturalist Antonio Raymondi visited 
the area in November 1860 and found the smelter to be 
producing lead ingots of 35 kg containing 20 to 25 ounces 
(0.6 to 0.75 kg) of silver. 


'The first company to carry out exploratory work in the 
valley was Cerro de Pasco Corporation, during the period 
from 1952 to 1971. Work was confined to the steep slopes 
on the East Side of the deposit where the topography 
allowed easy underground access by means of adits. On 
30th October, 1970 all of the mining assets owned by Cerro 
de Pasco were transferred to the Government of Peru. 
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Following the expropriation, 2200 hectares of mining rights 
were passed to Minero Peru, the mining administration 
agency of the Government of Peru, which in 1974 formed 
the Empresa Minera Especial (EME) in partnership with 
the Government of Romania's mining agency, Geomin. 
EME carried out a careful and methodical program of work 
on the property culminating in a series of full feasibility 
studies of Antamina based on the proven and probable 
reserves determined from drilling and underground 
sampling. In 1992, Minero Peru used these studies as a 
basis for an attempt to market Antamina and produced an 
Investment Compendium that was not widely circulated, 
and as a result the sales effort failed. In 1993 the Antamina 
property was transferred to Centromin (a State owned 
mining corporation) and became part of a government 
privatisation sales package. 


In 1996 Rio Algom Limited and Inmet Corporation, both 
of Canada, successfully bid for the property and 
immediately formed Compañía Minera Antamina (CMA) 
as a 50:50 owned joint venture. In 1998, Inmet sold out its 
interest in Antamina to two other Canadian companies and 
CMA was restructured under an ownership of 37.5% Rio 
Algom, 37.5% Noranda Inc., and 25% Teck Corporation. 
In 1999, the ownership was further modified when each of 
the 3 partners sold portions of their interest to Mitsubishi 
Corporation, resulting in an ownership breakdown of 
33.75% Rio Algom, 33.75% Noranda, 22.50% Teck, and 
1096 Mitsubishi. 


In 2000, Billiton Plc of Great Britain bought 100% of Rio 
Algom Limited thereby effectively becoming one of the 
partners. Billiton and BHP merged as did Teck and 
Cominco, resulting in the current ownership of CMA: 
33.75% BHP Billiton, 33.7596 Noranda, 22.50% 
TeckCominco, and 10% Mitsubishi. 
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Regional Metallogeny 


Antamina lies within the eastern part of the polymetallic 
belt of North Central Peru. This belt is located in the 
Western Cordillera between about 6°S (the Huancabamba 
Deflection) and 14°S (the Abancay Deflection) and is 
defined at either end by transverse, arc normal structural 
features. Mineralisation in the belt shows a Zn-Pb-Ag- 
Cu-Au association, mainly in hydrothermal deposits related 
to Middle to Upper Miocene calc-alkaline subvolcanic and 
high level intrusions. 


The belt was traditionally known for major Zn-Pb-Ag mines 
such as Cerro de Pasco, Milpo, Casapalca-Morococha and 
others, although porphyry Cu and Cu-Au deposits also 
occur. Over the past decade it has become the major gold 
producer in South America with the discovery of epithermal 
gold deposits such as Yanacocha, Pierina, Quicay and Alto 
Chicama. The ore deposits of the belt are characterised by 
significant amounts of other associated metals, some of 
which may be produced as by-products at different mines. 
These include Bi, Cd, Se, Te, Sb, In, Hg, Ge, Sn, W, Mo 
and As. Anumber of currently operating mines and past 
producers, including Contonga, Huanzala and Pachi Pachi 
(Fig. 1), are situated proximal to Antamina. 
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Regional Geology 


The Antamina deposit is located in the Andes mountain 
belt, which is situated on the Pacific margin of South 
America, where the oceanic Nazca Plate is being subducted 
to the east under the continental South American Plate. 
Plate collision and subduction zone melting have been 
responsible for the folding and faulting, mountain uplift, 
volcanism, plutonism and the majority of the mineral 
deposits of the Andes. North Central Peru, where Antamina 
is located, is a seismically active zone but does not currently 
have any active volcanoes. 


The Andes of North Central Peru comprise from west to 
east, the Coastal Zone (desert), the Western Cordillera 
(Cordillera Occidental) and the Eastern Cordillera 
(Cordillera Oriental), Antamina lies in the eastern part of 
the Western Cordillera. 


The Western Cordillera is composed of two main mountain 
chains. The Cordillera Negra in the west is separated from 
the Cordillera Blanca in the east by the valley of the Rio 
Santa (Huaraz valley). Antamina is situated east of the 
Cordillera Blanca between it and the valley of the Marañon 
River, which in tum separates the Western and Eastern 
Cordillera. 
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Between Antamina and the Pacific Ocean lies the Coastal 
Zone and the Cordillera Negra. Together these form a 
magmatic arc that was active from the Late Jurassic to the 
Tertiary. The main components of this arc are the Casma 
Volcanics (Albian, ca 105 to 95 Ma), the Coastal Batholith 
(ca 100 to 50 Ma) and the Calipuy Group Volcanics (Late 
Cretaceous to Paleogene, ca 95 to 30 Ma). The latter form 
the Cordillera Negra. The arc was deformed during the 
mid-Cretaceous (Mochica Phase) and Late Cretaceous 
(Peruvian Phase). 


To the east of the magmatic arc, thick sediments were 
deposited in a deep, extensional, ensialic marine back-arc 
basin called the Western Trough (or Western Peruvian 
Geosyncline), also active from Late Jurassic to Late 
Cretaceous times. The sediments consist of slates and 
quartzites (Chicama Formation, Late Jurassic, ca 152 to 
144 Ma) followed by thick deltaic sandstones, shales and 
coal with a marine limestone (Goyllarisquisga Group, Early 
Cretaceous, ca 144 to 114 Ma). Next came a marine 
transgression and deposition of thick marine carbonates 
(Mid Cretaceous, ca 113 to 88 Ma, Pariahuanca, Chulec, 
Pariatambo and Jumasha Formations), followed by marine 
shales with carbonates (Celendin Formation) in the Late 
Cretaceous (ca 88 to 84 Ma). Following marine regression 
and basin uplift, there was deposition of continental red 
bed sediments (Casapalca Formation) in the Late 
Cretaceous and Paleocene. The Antamina deposit is hosted 
near the contact of Jumasha Formation and the younger 
Celendin Formation, both of which are composed of 
limestones and limey shales, and are situated in the eastern 
part of the Western Trough (Fig. 2). 


This basin was bounded to the east by a basement high 
(the Marañon High, Axial Threshold or Marañon 
Geanticline) formed of Late Precambrian schists, phyllites 
and slates (Marañon Complex), which now forms the 
Eastern Cordillera where the overlying Mesozoic sediments 
are much thinner. To the east, a sequence of Mesozoic 
sandstone and carbonates was deposited in an external 
foreland basin (the Eastern Basin or Eastern Peruvian 
Geosyncline) onlapping the Brazilian Shield. This sequence 
is thinner than that of the Western Trough and now forms 
the Sub-Andean Zone fold and thrust belt. 


The Western Trough was deformed by the Inca 2 fold phase 
(Incaian) in the Late Eocene (ca 41 - 40 Ma). This resulted 
in extensive folding and reverse faulting throughout the 
basin and the formation of a fold-thrust belt in the eastern 
part along the boundary with the Marañon High (Marañon 
Fold-Thrust Belt). Antamina is located tn this fold-thrust 
belt. Durtng the Miocene there were three short 
compressive periods (Quechua | to 3) at ca 19 Ma, 12 Ma 
and 6 Ma, separated by neutral or extensional periods. 


In the Middle to Late Miocene, the Cordillera Blanca 
batholith was intruded in the eastern part of the Western 
Trough sequence (Chicama Formation) to form the 
Cordillera Blanca (ca 16.5 to 5 Ma), with coeval ignimbrites 
(Yungay Formation). At the same time there was 
widespread magmatism (middle- to high-K calc-alkaline) 
throughout the Western and Eastern Cordilleras. The 
Antamina stock is a part of this latter phase. 
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Local Geology 


The oldest landform in the eastern part of the Western 
Cordillera, where Antamina is situated, is the Puna Surface. 
This is the remnant of a peneplain of regional extent now 
shown by concordant mountain peaks. Around Antamina 
the peaks are generally at an altitude of 4500 to 4700 m 
above sea level. 


The Puna Surface 1s cut by the Valley and Canyon phases, 
which formed the major river valleys in the region such as 
the Marañon and Santa. The high parts of valleys formed 
in the Valley Stage are broad and open, and usually 
populated and cultivated. The lower parts are narrow 
canyons, formed as a result of rapid uplift and erosion. They 
can be up to 2000 m deep. The Puna Surface has been 
dated as younger than 14.5 Ma, the Valley Phase as post 
14.5 Ma to pre 6 Ma, and the Canyon Phase as post 6 Ma. 


The youngest features are from the Pleistocene glaciation 
with an ice-limit down to an altitude of about 3500 m. There 
were at least three phases of glaciation. The main phase 
formed U-shaped valleys a few kilometres long such as 
those at Antamina (4100 - 4200 m) and Contonga (Lake 
Pajosccocha at 4110 m). A younger glaciation formed 
corrie (cirque) basins such as Lake Antamina (4337 m), 
Lake Contonga (4380 m) and the lower Condorcocha valley 
(4360 m). The last phase formed small corrie basins at 
lake Condorcocha (4510 m) and Contonga (4620 m). The 
Antamina valley feeds into a series of deep valleys formed 
during the earlier Valley and Canyon stages. It is probable 
that a small valley of this stage existed at Antamina prior 
to glaciation, allowing ice to accumulate. 


The stratigraphy of the Antamina district is shown in Fig. 3. 
Antamina is located within one of the widest parts of the 
Marañon Fold-Thrust belt, where it has a width of about 
40 kilometres, although elsewhere the same belt can be as 
narrow as 10 km. The structures and stratigraphy trend 
NW-SE and the thrusts are east verging. The age of 
thrusting is Incaic 2 (Late Eocene). 


The Antamina deposit is hosted near the Incaian contact of 
the Jumasha and Celendin Formations. The Jumasha 
Formation is thrust over the younger Celendin Formation 
in a number of sections and at Antamina the exact contact 
is yet to be agreed, due to a lack of exposure. West of 
Antamina the Jumasha Formation forms a steep thrust ramp 
over the Jumasha thrust tongue (i.e. over itself) and the 
Celendin Formation. The Jumasha forms prominent steep 
mountains of well-bedded, light grey limestone. Continuing 
west, successive thrusts bring in the Pariahuanca Formation 
over the Jumasha (the Chulec and Pariatambo Formations 
are missing), the Carhuaz and then the Chimu Formation. 
The latter forms a synclinorium with the Santa and Carhuaz 
Formations outcropping to the south. Further west the Oyón 
Formation is thrust over the Chimu Formation (Fig. 4). 


The Celendin Formation outcrops to the east of Antamina 
where it is soft with little exposure and forms the core ofa 
regional synclinorium. The axis plunges gently to the 
southeast and runs along Quebrada Huincush to Rosita de 
Oro and must continue beneath the Antamina thrust tongue 
since Quebrada Tucush is on the north limb ofthe syncline. 
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Figure 2: Antamina District Geology Map 
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Figure 3: Stratigraphy of the Antamina District 


The actual trace of the fault separating the Celendin and 
Jumasha Formations northeast of Antamina Lake appears 
to be quite steep. It is not clear whether this is merely a 
steep ramp of the thrust or a later normal fault offsetting 
the thrust. 


The syncline closure in the northwest around Contonga has 
very complicated minor folding in the Jumasha Formation. 
Further east, the Celendin is in stratigraphic contact with 
the Jumasha and Crisnejas Formations (the latter is the 
eastern facies of the Chulec and Pariatambo Formations) 
and is thrust eastwards over an anticline of the Chim, Santa, 
Carhuaz and Crisnejas Formations. 


The Antamina Cu-Zn skarn deposit is developed on the 
margins of a multiple phase quartz monzonite porphyry, 
the Antamina intrusion (9.8 Ma, McKee et al., 1979). 
Another intrusion with a similar composition, 1.5 km NW 
at Condorcocha, is only accompanied by a narrow, weakly 
mineralised skarn. 


The Contonga and Taully stocks lie 4 km north of Antamina 
and intrude the Jumasha Formation limestone. Both have a 
quartz monzonite composition with textures varying from 
porphyritic to equigranular, and phyllic alteration. The 
stocks are small (300 m and 650 m diameter respectively) 
and form subvertical cylinders with a narrow ring of garnet 
skarn (average 3.2 m wide) with Zn-Ag-Pb-low Cu 
mineralisation, which has been mined at Contonga. 
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The Lucia pluton (Estella del Norte property), located about 
7 km southeast of Antamina, is a relatively large mass 
(4 x 2.5 km) of quartz monzonite and granodiorite which 
is equigranular in the main body but has a porphyritic 
texture in its north-western part. It intrudes Jumasha 
Formation limestone and has narrow garnet skarns 
developed at the contact over widths of 0.5 to 2.5 m and 
lengths of hundreds of metres, as well as veins in the 
limestone. The skams have Zn-Pb-Ag mineralisation with 
low Cu. There has been no mining apart from some small 
prospect workings near the contact of the Lucia pluton. 


Deposit Geomorphology 


The Antamina valley is a 4 km long U-shaped glacial valley 
with steep sides, a flat floor and corrie lake in an upper 
valley at it’s head. The lake surface was 4337 m (August 
1996), while the lake itself was 760 m long by 510 m wide 
and up to 51 m deep. It was separated from the main valley 
by a rock ridge, known as the Taco (4375 m), which was 
38 m above the lake level and 155 m above the main valley. 
The northwestern part of the ridge is ice smoothed rock 
outcrop with roches moutonnées, while the southeastern 
half has moraine deposits and the lake spillway. This was 
an outlet from the corrie glacier as an ice tongue or stream. 


The main Antamina valley altitude varies from 4200 m to 
about 4100 m and has a gentle gradient. There are two 
hanging valleys, Usu Pallares and Vallesito. 


The head of the Antamina valley (northeast) is a sharp ridge 
with an altitude of 4640 m to 4717 m above sea level. 
Ridges and peaks rise up to 5073 m (Cerro Tornillo) to 
form the northwestern side of the valley, while the ridge 
on the southeastern side varies from 4683 m up to 4924 m 
(Cerro Buque Punta). 


The Antamina valley thus has a depth of 500 to 600 m 
below the enclosing ridges and up to almost 1000 m below 
the highest peak. The pre-glacial topography is interpreted 
to have been a Puna Surface at around 4700 m with peaks 
over 5000 m, cut by a small, shallow, headwater river valley 
at Antamina during the Valley and Canyon Phases. Ice 
accumulated in this valley during the main Pleistocene 
glaciation, gouging out the main and hanging valleys. 


The Antamina deposit was probably not exposed before 
the first glaciation, which is interpreted to have unroofed 
the deposit and exposed fresh sulphides. This is evidenced 
by the presence of fresh sulphides in a carbonate matrix of 
the first moraine. During the interglacial interval there was 
a period of oxidation of the freshly exposed sulphides 
resulting in the formation of ferricretes. This oxidation 
zone was partly removed by a second corrie glacier, as 
shown by the limonitic moraine from this stage. 


Moraines from both glaciations outcropped on the 
southeastern side of the Taco rock barrier below Lake 
Antamina. The older moraine is pyritic and the younger is 
limonitic and in places there was a ferricrete layer between 
the two. 


The lower slopes of the valley sides have lateral moraines, 
talus deposits and colluvium, which are generally fine 
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grained. There are ferricretes up to several metres thick 
with slope-parallel bedding on pyritic bedrock in the 
Laberinto and Oscarina areas. The upper, steep valley sides 
are either bare rock or have talus deposits and locally thin 
soil cover. 


The bedrock profile of Lake Antamina consisted of two 
U-shaped channels with steep sides. Vertical holes drilled 
from barges on the lake in 1999 showed the floor to be 
underlain by sediments which were up to 45 m thick. These 
sediments were composed of bedded silt-clay and talus 
material, both of which contained abundant local sulphides. 


The bottom of the Antamina valley had a pyritic moraine 
on bedrock, overlain by thin peaty sediments. Overburden 
thickness was up to 36 m, but overall averaged 
approximately 8 metres. At the southwestern end of the 
valley there were rock falls with blocks up to 25 metres 
across, derived from the steep slopes of the steeply dipping 
limestone beds west of the main thrust. There are moraines 
below the Usu Pallares hanging valley (located at the 
southeast end of the Antamina valley), however there are 
no moraines below the main Antamina valley or below the 
Vallesito hanging valley (located at the southwestern end 
of the Antamina Valley). These valleys drop straight into 
the deep river valley where the glacial debris was washed 
away without being deposited. 


Deposit Geology 


Several critical lithological distinctions have been detected 
within the ore deposit, including the discrimination of 
exoskarn from endoskarn, and the recognition and 
systematic identification of breccias in the orebody. These 
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distinctions are considered important from a resource 
modelling as well as an ore-genetic point of view because 
of apparent differences in the grade and style of 
mineralisation in the various rock-types as described below. 
There are currently 156 rock/sub-rock types identified and 
logged within the Antamina deposit. Procedural control 
and logging consistency is enforced through rigorous 
application of the CMA Core logging manual (Antamina, 
2000). 


The general skarn zonation from the intrusive core outward 
is as follows: brown garnet endoskarn, mixed brown and 
green garnet indeterminate skarn, mixed brown and green 
garnet exoskarn, green garnet exoskam, diopside exoskarn, 
wollastonite exoskarn, hornfels, marble, limestone. 
Heterolithic breccia composed of all skarn types can occur 
in any lithology type (Figs. 5 & 6). 


Intrusive 


The Antamina intrusion was previously divided into Early- 
mineral, Inter-mineral, Late-mineral and Post-mineral 
phases, each divided into several sub-phases, primarily on 
the basis of the degree of alteration, the intensity and type 
of veining, the associated mineralisation and location 
(Pacheco, 1997). Currently an empirical classification of 
the intrusive rocks based on their petrography rather than 
one based on time inferences is used. Four main types of 
intrusive rock are recognised. These are used in all of the 
re-logging, and are distinguished on the basis of phenocryst 
type and abundance. They are: 1) crowded plagioclase 
porphyry, ii) crowded plagioclase K-feldspar porphyry, 
iii) crowded plagioclase K-feldspar-megacrystic porphyry, 
and iv) sparsely porphyritic plagioclase K-feldspar 
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Figure 6: Schematic Section of Lithology and Metal Zonation 


porphyry. À minor intrusive rock-type, sparse hornblende 
plagioclase porphyry, forms a dyke in the Poderosa area, 
at the NE end of the Antamina valley. 


The main mass of the un-skarned porphyry is predominantly 
crowded plagioclase porphyry with common quartz, biotite 
and relict hornblende phenocrysts, and rare K-feldspar 
phenocrysts. The K-feldspar phenocrysts are locally more 
common and thus another sub-umt of crowded porphyry 
has been distinguished. Sharp contacts between these two 
types of crowded porphyry are very rarely evident. 
Apparent magma co-mingling textures between a minor 
phenocrysts-poor darker-grey phase and a paler 
phenocrysts-rich phase are displayed locally. 


Although the contact relationships among the different 
porphyry phases are not everywhere clear, in general the 
crowded plagioclase porphyry is the earliest phase, and the 
sparse porphyry, the latest. Locally, crowded-porphyry 
contains quartz vein stockworks and associated biotite, 1.e., 
potassic alteration. This altered but un-skarned porphyry 
locally hosts disseminated and vein molybdenite 
mineralisation and minor disseminated chalcopyrite 
(< 0.2% Cu and 0.03% Mo). Sparsely porphyritic dykes 
cut crowded porphyry, skarn and breccia, and locally 
contain skarn xenoliths. 


Although some aspects of the relationship between the 
porphyry-style alteration and mineralisation to the skarn 
alteration and economic Cu-Zn mineralisation remain 
unclear, the porphyry Mo mineralisation generally appears 
to be overprinted by skaming. Significant intervals of 
prograde coarse-grained endoskarn occur without Cu 


mineralisation, and almost all Cu mineralisation in 
unbrecciated endoskam is vein-controlled and accompanied 
by retrograde alteration. Phyllic alteration in the porphyry 
is rare and may be proxied for by the retrograde skarning. 


Multiple intrusions are typical of porphyry deposits. At 
Antamina the different phases were probably intruded 
within less than one million years (they are statistically 
identical in radiometric dating). The relative ages of 
intrusion are recognised by textures such as cross-cutting 
relationships, xenoliths, chilled margins, truncated veinlets, 
degree of quartz veining and hydrothermal alteration, 
igneous texture and overall rock quality. 


A USGS study in the 1970's addressed the question of the 
age of the Antamina intrusions. lt was dated by K-Ar at 
9.8 Ma (mean of 9.1 +0.4 Ma to 10.4 10.4 Ma, from 5 
samples) with no significant differences between primary 
biotite, primary K-feldspar and K-feldspar megacrysts, nor 
between different intrusive phases (quartz monzonite 
porphyry in Taco - Laberinto; late mineral quartz monzonite 
with K-feldspar megacrysts in Usu Pallares; and minor 
intrusions with no quartz phenocrysts north of the lake) 
(McKee et al., 1979). 


The intrusives have a complicated shape in the upper part 
of the deposit, which is believed to be a result of strong 
structural control on emplacement and multiple phases of 
intrusion. The main trend of the intrusive bodies and edges 
is NE, although there are also E-W and NW trends. At 
high levels (e.g. at 4260 m ) the intrusion is composed of 
several discrete broad dykes with a dominant NE trend, 
but also SE and E-W local trends and edges. The dips vary 


from vertical to moderately inclined (ca 45%). The skarn 
around and above these has widths of 70 to 800 m at this 
level. The intrusive bodies form broad dykes that converge 
into a stock at depth (below approximately the 4200 m 
level). 


Interpretations from drilling suggest that the intrusion forms 
an almost circular, but slightly NE elongated stock, some 
800 m by 750 m in diameter at the 3900 m level. There is 
a 350 m long, NE-trending intrusive spur (150 m wide) at 
the NE end of the Lake Zone, and a 500 m long, SW- 
trending spur (50 - 170 m wide) below the valley at the 
SW end. In total the intrusions extends over a length of 
1700 m at this level with little variation in the shape down 
to the 3850 m level. Skarn forms a 300 to 400 m wide 
shell surrounding the intrusions. There are separate 
intrusions in the Valley and Usu Pallares Zone. 


The roof of the intrusion is preserved with skarn on top of 
it in the upper sections in the Lake and Taco areas. At this 
level structural control is very strong and the porphyry has 
intruded along the multiple structures, often as narrow 
bodies which are too small and discontinuous to portray in 
the final geological resource model. 


Two possible key factors in the development and 
preservation ofa large skarn orebody at Antamina are good 
structural preparation of the country rock for intrusion 
(allowing a complicated intrusive shape and a high intrusion 
to limestone contact area), and erosion to the level of the 
roof zone of the intrusion (preserving flat skarn bodies on 
top of the roof as well as steep skarn bodies at the sides of 
the intrusion). 


Endoskarn 


Two widespread types of endoskarn are recognised at 
Antamina. The first is a coarse-grained pink garnet variety, 
which consists of a milky-white plagioclase-rich matrix 
(distinguishable from the pale-grey, translucent matrix of 
un-skarned porphyry) enclosing large pink garnets and more 
sparse maroon garnets, and displays relict porphyritic 
texture. Significant mineralisation does not appear to be 
associated paragenetically with the development of coarse- 
grained endoskarn, which, although commonly containing 
disseminated molybdenite, only rarely hosts blebs and/or 
veinlets of chalcopyrite associated with epidote. It achieves 
importance as an ore-host because of later sulphide veins, 
which are associated with retrograde alteration and locally 
comprise sheeted arrays. 


Narrow intervals of plagioclase endoskarn commonly occur 
between porphyry and coarse-grained pink-garnet 
endoskam. Plagioclase endoskam rarely contains ore-grade 
Cu, and entirely lacks Zn, but is a useful indicator of 
proximity to ore. 


The second major type of endoskarn is a fine-grained dark- 
pink gamet variety that commonly hosts crackle or mosaic 
breccia and constitutes many of the fragments in heterolithic 
breccia bodies cutting intrusive rock. Fine-grained pink 
endoskarn is distinguishable from coarser-grained 
plagioclase - or pink-garnet endoskarn, on the basis of 
colour, grain-size, mineralogy and relict porphyritic 
textures. The simplest explanation for its origin ts that it 
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formed through interaction of the porphyry with brecciating 
fluids. However, it may have formed adjacent to structures 
that later focussed or controlled brecciation. 


Porphyry-style Mo mineralisation, as disseminations and 
veins, is overprinted by endoskarn, and the veins are 
rendered indistinct because quartz was consumed in the 
skarnification. The greater part of the Cu mineralisation in 
endoskarn is later than the Mo, consists of pyrite - 
chalcopyrite (2magnetite) veins, and is associated with 
retrograde alteration. 


Indeterminate Skarn 


A further skarn type is recognised, whose origin is 
indeterminate. It is commonly brown, medium-grained and 
granular, but overall is variable in texture, grain-size and 
colour. Granular, medium-grained, brown garnet skarn with 
intergranular chalcopyrite would be classified as brown 
garnet exoskarn where it constitutes the end-member of a 
continuous gradation from green garnet exoskarn. Fine- 
grained, dark-pink gamet skarn having veins with chloritic 
selvages but lacking relict porphyritic texture would be 
classified as endoskam if it were in gradational contact with 
porphyry. Locally the sparse maroon garnets in coarse- 
grained pink gamet exoskarn are larger and more abundant 
and they coalesce to form granular, medium-grained 
intervals of skarn, which appear quite similar to exoskarn. 
Fine-grained, pale-brown skarn would be classified as 
exoskar if it constituted part of a gradation from limestone 
or hornfels. However, in rare locations, fine-grained, pale- 
brown skarn also occurs in gradational contact with 
porphyry and containing relict porphyritic texture. Every 
gradational variation amongst these skarn types occurs, and 
if the critical characteristics and/or gradational variation 
relationships for interpreting the skarn as endo- or exoskarn 
were absent or ambiguous then the unit was classified as 
indeterminate skarn. 


it is hypothesised that where skarnification was very 
intense, both endoskarn and exoskarn approached the same 
composition and the mineralogy and the two facies became 
indistinguishable. 


Indeterminate brown and green skarn usually contatns pale- 
brown or beige, coarse- to very-coarse-grained garnets with 
intergranular medium- to dark-green garnets. Under the 
northern part of Lago Antamina, and locally elsewhere in 
proximity to endoskarn, this indeterminate brown and green 
skarn contains diopside, in part as radial clusters. 


In the indeterminate mixed green and brown garnet 
exoskarn, brown garnet commonly occurs as veinlets 
cutting green garnets. In places brown garnet preferentially 
replaces some layers in green garnet exoskarn at a 
centimetre-scale, producing banded brown and green 
garnetite. This facies may contain sphalerite ۵ 
with the same style of mineralisation and grades as green 
garnet exoskarn. 


Brown Garnet Exoskarn 


The rock-type classified as brown garnet exoskarn is 
texturally identical to, and grades in colour into, green 
garnet exoskarn. It appears to form the mnermost zone of 
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exoskarn, between an inner annulus of endoskam (around 
a relatively unaltered porphyry core) and an outer shell of 
green garmet exoskam and in places, wollastonite skarn. 
Locally it grades inward into brown indeterminate skarn. 
Brown-garnet exoskarn (sensu stricto) is much rarer than 
was originally estimated from the 1996-1997 core logging. 


Green Garnet Exoskarn 


In much of the deposit, the skarn facies adjacent to marble 
or hornfels is a green garnet skarn. In this facies, garnet 
commonly appears to replace calcite directly, i.e., there is 
no evidence that garnet replaced wollastonite. It is believed 
that green garnet exoskarn in different parts of the deposit 
formed by two different reaction paths, one, mentioned 
above, via wollastonite skarn, and the other, directly from 
marble. The two types are texturally indistinguishable. 


Green garnet skarn contains either chalcopyrite-sphalerite 
ore or sphalerite alone, with the sulphides ranging from 
disseminated to massive and interbanded with green garnet. 
Sphalerite typically averages 3-5% in green-garnet 
exoskarn. However, itis erratically distributed, commonly 
occurring as rich bands separated by relatively barren 
sections. 


Wollastonite Exoskarn 


Wollastonite skarn occurs as an inner zone (contiguous with 
green garnet skarn) of bornite ore and as an outer zone 
(closer to marble) of bornite-sphalerite. The contact 
between wollastonite skarn and green garnet skarn is a 
broad gradational replacement interval where green garnet 
replaces wollastonite, and is classifted as wollastonite-green 
garnet skarn. Bornite ore occurs throughout this 
intermediate zone as well as in both green garnet exoskarn 
and wollastonite exoskarn. The contact between bomite 
and chalcopyrite ores is a broad, gradational zone of 
coexisting chalcopyrite-bornite, generally within green 
garnet skarn and near wollastonite skarn. Zones of 
wollastonite-brown garnet skarn are also known (as both 
endoskarn and exoskarn) with bornite, although this skarn 
unit is far less abundant than the wollastonite-green garnet 
skarn unit. 


À second variety of breccia is documented, wollastonite 
breccia, in which comminuted wollastonite constitutes the 
matrix. Because of the textural similarity of this breccia 
type to the more common garnetiferous heterolithic breccia, 
this could also represent a phreatic hydrothermal breccia, 
This type of breccia is distinguished by the absence of 
magnetite. 


Diopside Exoskarn 


Diopside characterises the outermost zone of exoskarn. 
This unit is located predominantly on the northern and 
eastern flanks of the deposit and comprises of a pale green 
diopside with calcite, quartz and wollastonite. It is generally 
only weakly mineralised, occasionally reaching levels 
sufficient to be considered ore grade and is the outer most 
skarn lithology related to the hydrothermal event that 
formed the Antamina deposit. 


Hornfels 


Fine-grained hornfels can be pale-brown, pale-green, grey, 
khaki, or yellowish-grey, and varies from fine-grained to 
aphanitic. It ranges from massive to laminated, with fine, 
wavy, compositional banding, and generally consists of a 
very fine-grained aggregate of garnet, phlogopite and 
diopside with minor wollastonite. It has been identified 
locally at or near the margins of the deposit. This rock has 
no apparent porosity or permeability, only contains rare, 
minor sulphides and almost never reaches ore grade. Where 
these layers occur on the margins of the intrusion, they 
appear to limit development of the ore. One can suspect 
that the process of hornfels formation rendered these units 
impermeable to further fluid flow and/or un-reactive and 
thus limited ore formation in them. They are thought to be 
of thermal metamorphic origin as opposed to the diopside 
skarn described above, which is metasomatic in origin. 


Limestone/Marble 


Most limestone/marble cut by drilling at the margins of 
the skarn is light grey, very fine grained and micritic with 
parallel bedding on a scale of several centimetres but 
contains no fossils, shell fragments or other biogenic or 
sedimentary structures. In outcrop in the upper valley 
slopes these limestones/marbles are thickly bedded (1 to 
3 m) and light grey, and in cliff faces weather to a white or 
creamy colour. These limestones are classified as micrites. 
They are interpreted to belong to the Jumasha Formation 
that is anomalously thick at Antamina as a result of 
structural thickening by thrust faulting. 


At the head of the Antamina valley there are interbedded 
(2 to 3 m beds) micritic and stromatolitic limestones. 


In the anticline axis on the western side of the valley dark 
grey to black limestones are both exposed and intersected 
in drill core. These have wavy bedding on a centimetric 
scale (bioturbated or slumped), are shelly and typically have 
bands of black chert nodules, and belongs to the Pariatambo 
Formation. 


The limestones exposed in the anticline on the eastern side 
of the valley have a light grey core, followed by a unit of 
black limestone with thin grey beds, then a light grey 
micritic limestone. This limestone is distinct from the 
overlying (overthrust) beds which are typical of the Jumasha 
Formation. 


The Jumasha Formation limestone is susceptible to karst 
weathermg. Although no karst features are evident at 
surface in the immediate vicinity of the Antamina deposit, 
they are found in surrounding areas, while underground, 
cavities with high water flow (karst or fault zones) were 
encountered in diamond drilling in the Laberinto and 
Valley-South Taco areas. 


Breccia 


Hydrothermal breccia, lacking juvenile components and 
therefore probably classifiable as phreatic, is widespread 
and an important ore host in what was originally termed 
the brown gamet skam zone. It can now be concluded that 
virtually all of the breccia lacks a magmatic or juvenile 
component, 


Hydrothermal breccia cuts all types of skarn, including 
wollastonite varieties, but is particularly common at the 
endoskarn-exoskarn contact, (i.e., the original margins of 
the stock), and along features of suspected structural 
weakness within the deposit (e.g. joints, faults, etc.). 


The hydrothermal breccias are intra-mineral because they 
cut and contain clasts of mineralised skarn, yet themselves 
host replacement-style and vein mineralisation of pyrite- 
chalcopyrite-magnetite-sphalerite. Both the breccias and 
the veins in endoskarn contain a similar association of 
metallic minerals, although magnetite is a very minor 
component of veins in endoskarn. 


The breccias have been subdivided into crackle, mosaic 
and heterolithic styles. Crackle breccia is dominated by 
angular fragments of the immediate host rock that do not 
appear to have been rotated or transported, but are cut by 
an irregular network of narrow breccia veins. Mosaic 
breccia is intermediate between crackle breccia and 
heterolithic breccia: it consists of angular fragments of the 
host rock, with some rotation and/or transport of clasts, in 
a matrix of finely comminuted material with or without 
sulphide grains. Heterolithic breccia is commonly matrix- 
dominated containing angular to subrounded fragments of 
all of the rocks and minerals it cuts, as well as clasts of 
sulphides, magnetite, and quartz, which appear to be derived 
from veins and replacement selvages restricted to the 
breccias. The breccia matrix ranges from massive to 
laminated, and the clasts range from randomly oriented to 
locally shingled or imbricated. 


Heterolithic and mosaic breccias generally contain above 
average Cu and Ag ore-grades, and locally carry ore-grades 
of Mo and/or Zn inherited from the wall rocks. Breccias 
may also locally contain galena. 


Irregular zones of disaggregated skarn, distinct from 
breccia, occur in green and brown exoskarns around the 
margins of the deposit and appear to be stratigraphically 
controlled in many places. 
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Retrograde Alteration of Skarn 


Two main variants of retrograde skarn alteration are 
recognised: 1). chlorite-rich vein selvages in endoskarn; and 
ii). alteration of the intergranular matrix of indeterminate 
skarn to pale-green clay. The matrix of hydrothermal 
breccia had been considered to be altered to olive-brown- 
green clay, but no clay minerals were detected in it by 
preliminary laboratory analyses. 


Retrograde alteration of endoskarn is complex, and ranges 
from epidote associated with chalcopyrite-pyrite blebs and 
veinlets that have white selvages, to chlorite associated with 
chalcopyrite-pyrite blebs and veinlets that have white 
selvages, to chlorite associated with pyrite-chalcopyrite 
(+magnetite) veins with crackle and mosaic breccia. 


Retrograde alteration does not affect the exoskarn. 


Retrograde alteration occurs in much of the endoskam, as 
well as in some of the indeterminate skarns, but is only 
very locally pervasive. Redwood (1999) noted: “Where 
pervasive it [retrograde alteration] was logged as chlorite 
skarn and makes up less than 4% of the deposit”. While it 
is true that retrograde alteration is only very locally 
pervasive, almost all of what was originally logged as 
chlorite skarn is now recognised as breccia. This statement 
is misleading because it implies that retrograde alteration 
is insignificant, whereas, in fact, retrograde alteration ts 
widespread and commonly associated with mineralisation, 
but is limited to structural zones where fluid flow was 
possible. Volumetrically only a small portion of the 
Antamina skarn contains retrograde alteration. 


Structure 


Structure is the main control on both intrusion and skam 
alteration at Antamina (Fig. 4). The interpreted structural 
history of the deposit is summarised as follows: 


The main deformational period is thought to be Incaian 
(ca. 41 Ma), although the district has also potentially 
been subjected to three later compressive events at 19 Ma, 
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Figure 7: Schematic Diagram of VLR Fault During Compression 
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12 Ma and 6 Ma, that are noted regionally and are termed 
Quechua 1, 2, and 3 (Ql, Q2, and Q3) respectively 
(McCuaig 2003). 


At the mine scale it is difficult to differentiate the effects 
of any Q1 or Q2 compression and distinguish these from 
the earlier Incaian thrusting. Thrusting produced by this 
series of deformational events has resulted in a repeated 
limestone stratigraphy. 


The thrust sequence developed during the Late Eocene, 
Incaic 2 phase (ca 40-41 Ma) is northeast verging. The 
Antamina deposit is situated within a localised thrust tongue 
formed by at least six flat-lying thrust sheets. This tongue 
is 3 km wide by 3 km long, although it may have had a 
greater original extent. The thrust sequence is an imbricate 
stack, which has resulted in a super thickening of the 
favourable host rocks (Jumasha) in the area. 


A NE-SW striking longitudinal fault (the VLR fault of Love 
et al., in review) is the oldest structure in the mine area. 
This structure initially underwent compression (Fig. 7). 
During subsequent extension it controlled part of the 
intrusion and the Antamina valley (Fig. 8) where it is 
exposed below a later thrust at the head of the valley. 


Temporally, the Antamina stock was emplaced between the 
Q2 and Q3 compressive events. The final phase of Q3 
compression is noted in the mine, particularly in the 
Oscarina area, where it is represented by moderately to 
shallow-dipping thrusts postdating all alteration and 
mineralisation. 


Very localised extension occurred on the southeastern side 
of the present day Antamina valley, accommodated by listric 
faulting and by strike-slip movement along the main NE- 
SW longitudinal fault. This minor extensional phase may 
be correlated regionally with the Quechua 2 phase. The 
Antamina intrusions are interpreted to have been controlled 
by the listric faults as they are seen to occupy postulated 
fault planes in the limestone above the deposit. Within the 
deposit no obvious sign of these faults remain as their loci 
are now completely obliterated by intrusion and skarn. 
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At the margins of the deposit in Usu Pallares and Fortuna, 
thin intrusive sheets are apparently controlled by thrust 
ramps. 


Post-mineral high angle fault movement appears to have 
occurred on the southeastern contact of the skam on the 
southeast side of the valley, although neither significant 
displacement nor cut-off of the skarn is apparent. The 
postulated faulting is considered to be the result of slip 
caused by ductility contrast at the skarn/marble contact. 


Within the skarn and intrusions there are zones of brittle 
breakage and slickenside surfaces, although no significant 
post-mineral fault displacements have been identified. 


Additional detail on the structure of the Antamina deposit 
and its environs is available in a report by L. Hathaway 
(1997, CMA internal memorandum). 


Mineralisation / Metal Zonation 


The Antamina orebody has proven to be consistently well 
mineralised and predictable both in terms of grade and metal 
zoning. Very little of the skarn lithology comprising the 
Antamina deposit is unmineralised. 


As with the skarn silicate mineralogy, Antamina is 
horizontally zoned with respect to major metal components. 
This lateral zoning is clearly related to the orientation of 
the intrusive and limestone contacts and continues 
throughout the nearly one kilometre of vertical range of 
the deposit explored to date. 


Metal zonation 1s quite distinctive within the deposit. 
Copper is relatively evenly distributed from endoskam to 
the limestone contact (Fig. 9). Zinc and bismuth tend to 
occur within 70 m of the contact of green garnet skarn with 
limestone/marble/hornfels (Figs. 9 & 10). Molybdenite is 
mainly confined to the intrusive core and surrounding 
endoskarn. Silver is present in any ofthe skarn lithologies. 
Lead is generally located in green garnet exoskarn, diopside 
exoskarn, and homfels. Cobalt is usually associated with 
sphalerite mineralisation. However veins and blebs of any 
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Figure 8: Schematic Diagram of VLR Fault During Extension 
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Figure 9: Antamina Deposit, Bismuth Zonation 
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Figure 10: Antamina Deposit Copper-Zinc Zonation 
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mineral can be found as rare occurrences in any rock type 
at Antamina. Peripheral to the main orebody there are a 
number of higher grade zones with veins and/or manto type 
mineralisation which are generally high in lead, zinc and 
silver, but lack copper or molybdenite. A number of these 
have seen limited artisanal mining of the high grade silver 
and lead. 


The predominate copper sulphide mineral is chalcopyrite. 
Approximately eight percent of the copper mineralisation 
is present as bornite forming a zone that is generally 
associated with wollastonite at the south end of the deposit. 
Zinc occurs as the sulphide mineral sphalerite. Silver is 
normally associated with chalcopyrite, although it also 
occurs with galena, bismuth sulphosalts and tennantite. 
Molybdenum exists as the sulphide mineral molybdenite. 


The most common bismuth minerals include bismuthinite, 
cosalite, whittichenite, cuprobismutite, aikinite and 
kobellite. 


There is little in the way of an oxidation cap and supergene 
enrichment. This is due to the recent glaciation of the 
deposit, the wet climate and the lack of significant pyrite 
to create acid leaching. 


Deposit Formation 


The following is a summary of the formation of the 
Antamina deposit based on observations and deductions 
made by the local mine geology staff. It is, no doubt, a 
simplification ofthe deposit which will be refined as further 
information is gathered and analysed. 


Deposition of the Late Cretaceous limestone units that host 
the Antamina deposit was followed by thrusting of the 
sedimentary pile to form the Andes mountains. During 
this event the complex structural geometry of the Antamina 
valley was developed, influenced by a basement high and 
thrust faulting. The subsequent period of extension was 
accompanied by a complex series of intrusions that were 
emplaced approximately 10 million years ago to produce a 
thermal metamorphic hornfels aureole in the surrounding 
country rocks. The overall result of the hornfelsing was 
the formation of an impervious aquaclude cap over the area. 
Wollastonite also formed in the limestone units within the 
aureole, resulting in a 1096 volume loss contributing to the 
formation of the aquaclude cap. Weak porphyry style Mo- 
Cu mineralisation appears to have been associated with 
these intrusions. 


Subsequently, but probably closely related in time, a large 
pulse of hydrothermal fluid, emanating from a deeper distal 
source flowed up along the intrusion-country rock and 
intrusion-intrusion contacts, and along planes of structural 
weakness. This conclusion is deduced from the following 
observations: i). the fluids were obviously not in 
equilibrium with the intrusions present within the current 
deposit; and ii). the unusual coincident combination of 
significant zinc and copper mineralisation - usually zinc 
skarns are distal from, and copper skarns proximal to, the 
fluid source. In addition, the significant amounts of metal 
present in the Antamina deposit could not have been 
generated from the volume of intrusion present in the 
Antamina valley. 
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The aquaclude cap prevented the fluids from flowing 
outward from the intrusive complex into the surrounding 
country rocks in significant volumes and being dissipated. 
Hence, the formation of significant volumes of endoskarn 
at Antamina in comparison with most skarn deposits. 
Where fluids could escape along planes of structural 
weakness, mineralisation of limited extent formed. These 
historically mined deposits are “fluid leakage" features 
containing mineralisation up to kilometres away from the 
main orebody. The main orebody does, however, exhibit a 
classic hydrothermal metal zonation, with distal lead and 
arsenic, and proximal copper. No doubt the fluid chemistry 
evolved over time, or as multiple fluid pulses with varying 
fluid chemistries, producing different minerals. The 
bornite-wollastonite zone can be related to differences in 
either host rock composition or fluid chemistry. 


A breccia event was initiated by either continued uplift of 
the Andes, or by over-pressuring of the system. This 
resulted in the collapse of the hydrothermal system, and 
the enrichment of sulphide minerals and magnetite in a 
series of breccia pipes formed along planes of structural 
weakness within the deposit. The physical separation of 
silicate and sulphide minerals due to density differences, 
upgraded the Cu values within these pipes. 


The rapid collapse of the hydrothermal system precluded 
the formation of extensive retrograde alteration within the 
deposit. The last evidence of the hydrothermal system are 
veins of various mineralogies, usually sulphosalts, with 
elevated levels of arsenic, silver, lead and zinc, which 
crosscut the breccias and other mineralised zones within 
the deposit. 


Continued uplift of the Andes and recent glaciations 
exposed the deposit at surface. 


Ore Types 


Currently seven ore types are recognised and two sub-types 
(see Table 1). These are based on metallurgical tests and 
production experience in the concentrator. 


The purpose of these various ore types is to enhance 
metallurgical processing and recovery, thereby enhancing 
the total revenue of the deposit. 


These ore types are complex and driven by a number of 
factors that need to be considered. The first classification 
separates copper only from copper/zinc ores. One of the 
most important classification factors in both Cu and Cu/ 
Zn ores is Bi level. This level is important, as Bi reporting 
in copper concentrate can be a penalty at certain grades 
and is reflected in the concentrate sales contracts. Hence, 
the use of a Bi recovery circuit in high Bi ores to produce 
copper concentrate that will not incur a Bi penalty and a 
by-product Pb-Bi-Ag concentrate. In current plant design 
the Bi circuit is a dual purpose circuit which either recovers 
the Bi or Mo. The reason is that generally when Mo is 
elevated the Bi is low. Another classification is required to 
identify ores containing sufficient bornite to produce a 
separate "bornite concentrate" which is significantly 
different from the typical chalcopyrite "copper 
concentrate". 
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Four major categories of concentrate are produced, namely: 
1). chalcopyrite and bornite copper, 11). sphalerite zinc, 
111). molybdenum, and , iv). a lead-silver-bismuth 
concentrate. The copper and zinc concentrates are shipped 
to the port via the pipeline, the molybdenum and lead-silver- 
bismuth concentrates are bagged at site and shipped by truck 
to the port facilities. 


Resource Estimate 


An interiem resource model study was completed in 
November 2003, which explored various modeling 
methodologies and elements. This interim resource model 
study will be used as the basis for the ongoing drill programs 
and refined resource model estimations scheduled in 2004 
and 2005. The interim resource model is complex with 12 
model elements, incorporating new drilling data, enhanced 
knowledge of metallurgical processing, an improved 
knowledge of geology and lithology, and improved 
interpolation techniques. There is a confidence increase in 
the geologic model compared to the 2000 Resource Model 
and the 1997 Feasibility Resource Model. 


The current August 2000 resource model blocks were 
classified as Measured, Indicated, and Inferred (identified) 


CODE ORE TYPE Cu % Zn % 
M1 Cu, Low Bi > 0.5 <0.5 
M2 Cu, High Bi > 0,5 « 0.5 

M2A Cu, Very High Bi > 0.5 <0.5 
M3 Cu - Zn, Low Bi > 0.5 > 0.5 
M4 Cu - Zn, High Bi > 0.5 > 0.5 

M4A Cu - Zn, Very High Bi > 0.5 > 0.5 
MS Bornite, Low Zinc > 0.5 < 0.5 


M6 Bomite, High Zinc > 0.5 


> 0,5 


Resources using the C/M Standards on Mineral Resources 
and Reserves, Definitions and Guidelines dated August 20, 
2000. These standards are very similar to those of the Joint 
Ore Reserve Committee (JORC) of the Australian 
Institution of Mining and Metallurgy, and the resource 
classification is compatible with the 1999 JORC Code. 


Classification criteria using the number of holes and the ~ 
spacing of the holes to a block were developed using 90 
percent confidence levels for tonnage, grade, and contained 
metal. The confidence levels for copper and zinc are 
different based on the natural distribution of the two metals. 


The resource at Antamina as estimated in 2000 and existed 
at mine startup, 15 shown in Table 2. 
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Bi ppm Remarks 
< 20 High Grade > $12.30 NSR 


20-115 Low Grade > $8.60 > $12.30 NSR 
>115 Marginal Grade > $6.10 < $8.60 NSR 
« 20 
20 - 115 
< 5 
(*NA) (*NA) - Not Applicable, Bomite ores 
(*NA) contain wittichenite intergrowths 


Table 1: Antamina Deposit Ore Type Classification Criteria 


Metal Grades 


Cu(%) Zn(%) Ag (git) Mo (%) Bi (ppm) 


Resource Tonnage 
Class (Mt) 
Measured 358,30 1.25 
Indicated 777.40 0.81 
Sub-total 1135.70 0.95 
Inferred 1787.00 0.30 
TOTAL 2922.70 0.55 


1.01 13.50 0.03 60.80 
0.68 9.50 0.02 68.30 


0.78 10.80 0.03 65.90 
0.26 4.60 0.01 39.50 
0.46 7.00 0.02 49.80 


Table 2: Antamina Deposit Geologic Resources, August 2000 Resource Model (Zero Cutoff) 
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THE GEOLOGIC HISTORY OF OXIDATION AND 
SUPERGENE ENRICHMENT IN THE PORPHYRY COPPER 
DEPOSITS OF SOUTHWESTERN NORTH AMERICA 
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“Porter GeoConsultancy Pty Ltd, Adelaide, South Australia 


Abstract - More than fifty significant porphyry copper deposits are distributed over a 2000 km interval 
within the U.S. and Mexico, following a trend subparallel to the southwestern margin of North Amenica. 
These include giant supergene enriched deposits such as those at Morenci in Arizona (4.7 Gt @ 0.52% Cu) 
and Cananea (7.1 Gt @ 0.42% Cu) in Sonora, Mexico. 


The porphyry copper deposits of southwestern North America were developed in a continental margin cratonic 
setting, above a subduction zone that was active largely from the Early Mesozoic to the Late-Tertiary. While 
significant ore deposits of Jurassic to Mid-Tertiary age are known, the majority were emplaced between 72 
and 55 Ma, during the peak of magmatic acttvity along the Laramide Arc, Laramide magmatism and crustal 
shortening ceased by around 50 Ma, in the mid Eocene, to be followed by a 15 m.y. period of magmatic 
quiescence, erosion and localised continental sedimentation, the Eocene Epeirogeny. This was succeeded 
from around 35 Ma by the Mid-Tertiary Orogeny, which persisted through the Oligocene to the Early Miocene 
and resulted in renewed, widespread volcanism, and by crustal extension. Extension was characterised by 
the development of listric, detachment and strike-slip faults, associated listric tilting of up to 60° or more, 
and the uplift and exposure of metamorphic core complexes. During the Mid- to Late-Miocene, between 18 
and 10 Ma, the nature of tectonism in the region changed through a period of transition, from an extensional 
to a block faulted ‘basin and range’ regime which persists locally to the present. The typical basins are 
grabens or half grabens, with structural relief between the base of sediment filled basins and the crests of the 
adjacent ranges of from 2 to 4 km, and sometimes more than 6 km. 


The majority of porphyry copper deposits in southwestern North America have undergone supergene 
enrichment. At many, enriched sulphide blankets constitute the principal ores exploited. Most porphyry 
copper deposits in Arizona and New Mexico in particular, have been subjected to multiple episodes of 
supergene alteration. These episodes correspond to the periods during which sulphide minerals have been 
present in the zone of oxidation, and reflect the common tectonic history of repeated uplift, erosion and 
burial which all of the deposits share to varying degrees. Supergene processes are essentially the result of a 
form of chemical weathering. Consequently, each episode correlates with an erosional surface, and 
corresponds, in a broad sense, with one of a series of time-transgressive regional unconformities separating 
the Tertiary tectono-stratigraphic units defined in the region. Evidence of these episodes of supergene 
activity, has been found in stratigraphic relationships, supported by K/Ar dating of supergene minerals. The 
earliest affected the Jurassic Bisbee deposit in the Early Cretaceous. Subsequent contemporaneous supergene 
activity occurred during the: 1) Eocene at Santa Rita, Tyrone, San Manuel (and Kalamazoo), Inspiration, 
Sacaton and Ajo; ii) Late Oligocene to Middle Miocene at Santa Rita, Tyrone, Red Mountain, Pinto Valley, 
Lakeshore and Silver Bell; and iii) Late Miocene to Pliocene at Tyrone, Morenci, Bisbee, San Manuel, 
Pinto Valley, San Xavier North, Silver Bell and Ajo. 


The geologic and tectonic setting of each of these deposits, and their hypogene and supergene mineralisation 


are described herein, and with the support of 22 new K/Ar dates of supergene minerals, the observations 
listed above are derived. 
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Introduction 


There are over fifty named and developed porphyry copper 
deposit in southwestern North America, extending over a 
generally southeast trending interval of more than 2000 
km. Of these, over thirty have been commercially exploited. 
This belt of deposits extends through Nevada, Arizona and 
New Mexico in the United States, to Sonora, Baja California 
Norte and Sinaloa in Mexico. Porphyry copper deposits 
were developed in a cratonic setting along a continental 
margin, above a subduction zone that was active largely 
from the Early Mesozoic to the Late-Tertiary, While 
significant ore deposits are known from the Jurassic to the 
Middle Tertiary, the majority were emplaced between 72 
to 55 Ma, at the peak of development of the Laramide Arc 
which lasted from 80 to 50 Ma (Titley 1993, 1995; Barton 
et al., 1995; Wilkins and Heidrick 1995). 


The formation, weathering and supergene enrichment of 
most porphyry copper deposits in southwestern North 
America occurred in an environment of uplift and 
volcanism (the Laramide Orogen); followed by a period of 
magmatic quiescence, structural adjustment and continental 
sedimentation (the Eocene epeirogeny); renewed volcanism 
and regional extension (the Mid-Tertiary orogeny); and 
finally, basin subsidence, uplift of intervening ranges and 
continental sedimentation (the Late-Cenozoic Basin and 
Range uplift). 


Figure 1 (facing page): Diagrammatic summary of the tectonic 
seiting and age distribution of the porphyry copper deposits 
of southwestern North America. The main plan is an 
amalgamation of information from diagrams in Titlcy (1993), Titley 
(1995), Barton ef al., (1995), Wilkins and Heidrik (1995), Oldow 
et al., (1989), de Cserna, 1989, and others cited in these references. 
It is a reconstruction prior to the opening of the Gulf of California. 
The age distribution insct (top centre) ts after Titley 1993 and shows 
the main deposits in southwest US and northern Mexico, and the K/ 
Ar age of the closcst related intrusion or mineralised event, The 
upper right insct illustrates the Oligocene to Early Miocene 
extensional regime, the main axis of which is marked by a string of 
metamorphic core complexes. From Mid Miocene, the tectonic setting 
was dominated by “basin and range” faulting, overlapping with the 
arca of carlier extension. This latter activity occupied two main 
provinces, the Great Basin and Sonoran Desert Basin and Range 
Provinces, but was also responsible for the development of thc Rio 
Grande Rift, These zones partially surround the more stable Colorado 
Plateau. This inset is based on a diagram in Oldow ef al., (1989). 


Figure 2 (right): Location plan showing a selection of the key 
porphyry copper deposits of southwestern North America. 
Sce Table 1 for resource/reserve + production tonnage and grade 
figures, and Fig. ۲ for their tectonic setting. Based on diagrams in 
Titlcy (1982), Titley (1993), Wilkins and Heidrick (1995) and 
Barton et al, (1995). 
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Most porphyry copper deposits in Arizona and New Mexico 

in the U.S., and Sonora in adjacent northern Mexico, have 

been subjected to multiple episodes of supergene activity. 

The main purpose of this paper is to record the episodes 
recognised in the geological history of individual deposits 
and districts, and to indicate that each of these episodes of 
supergene activity may be placed in the overall context of 
regional tectonic evolution. 


f | Salt Lake EN N 
۱ 3 | City o 1 
| 5 ۱ | 
| : | 
So, : | 
| 


N o | 
Utah | Colorado 
California Nevada n Arizona Tiew Mexica 


o 
‘of 
Key to Symbols | 


e Po copper 8 
نم نی‎ y با‎ 89 


۲ U.S.A. 
LO T j Phoenix 1210 
Uta e border <! 1 20 
سس‎ and name eS. 15 ES as y 
= 9 همم‎ 23-25 
A . 4 sam د‎ mee (o 
'Q A ai r 7 Texas 
P. Sonora eo Y Chihuahua S, 
2. 4Q ۱ N 
o P939 \ 
to D | % l 
ay O VeRO Hermaslllo j MEXICO 
1 Bingham Canyon fk " g? | 
2 Ely 44 
3 Battle Mountain $ °R < J 
4 Yerington a M 
5 Ann Mason SL & 45 8 
6 Hall > Qn PA 
7 Mineral Park S iq 4 WE. 
8 Bagdad 2\ S Sinaloa Sp 
9 Copper Basin 5۱ * T یراج‎ 
10 Copper Cities e ON 
11 Pinto Valley, Castle Dome i ۳ en 
12 Inspiration $ 
13 Miami 9 
14 Ray V 
15 Christmas ۱ 
16 Poston Butte 0 200 400 600 
17 Sacaton : 
18 Sania Cruz Scale in kilometres 
19 Lakeshore 
20 Silver Bell 35 Santa Rita (Chino) 
21 Ajo, New Cornelia 36 Continental 
22 Dos Pobres (Safford) 37 Copper Fiat (Hillsboro) 
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24 Lone Star (Safford) 39 La Caridad 
25 Sanchez (Safford) 40 Milpilas 


26 Morenci - Metcalf 

27 San Manuel - Kalamazoo 
28 San Xavier North 

29 Pima-Mission 

30 Twin Buttes 

31 Sierriia - Esperanza 

32 Red Mountains 

33 Bisbee 

34 Tyrone 


41 Nacozafi (Los Pilares) 
42 San Antonio de la Huerta 
43 Cuatro Hermanos 

44 Suaqui Verde 

45 El Arco 

46 Piedras Verdes 

47 Santo Tomas 

48 Cosala 

49 Malpico 


Editors Note: Southwestern North Amcrica has been onc of the 
world's most important porphyry copper provinces for more than a century, 
Supergenc enrichment has played a crucial role in the economic viability 
of many of the porphyry deposits within the region, including some of 
the largest and most significant examples. Consequently the supergene 
history of the region is of particular pertinence to this volume. 


Oxidation and supergene enrichment were critical to the commercial 
development of porphyry copper deposits in the region during the first 
half of the twentieth century, particularly thosc in Arizona and New 
Mexico. This was duc to the two to ten times enrichment of hypogene 
copper grades within ‘supergene copper sulphide’ ores, commonly to 
greater than 1% Cu, while associated ‘oxide copper’ ores could often be 


smelted directly (Parsons 1933; Titley and Marozas, 1995). The term 
‘oxide copper’ is used in the mines of Arizona and New Mexico in 
reference to ores consisting of copper silicates, carbonates, sulphates, 
oxides and hydroxides that contain little or no sulphides. 


During the last quarter of the twentieth century, to the prescnt, supergene 
enriched copper sulphide ores have remained the principal exploited 
resource in many porphyry copper districts in the southwestern United 
States and adjacent northern Mexico, although oxide ores had declined in 
importance (Titley and Marozas 1995). The current interest has been 
prompted by the amenability of most supergene copper sulphide ores to 
low cost and low environmental impact modern leaching and solvent 
extraction processing (Titley and Marozas 1995). 
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This paper is based on investigations undertaken and 
reported in a thesis submitted by the principal author (SSC) 
in 1995, in partial fulfilment of the degree of Doctor of 
Philosophy at the University of Arizona, Tucson. The study 
traced the post-Laramide geologic history of supergene 
enrichment in porphyry copper deposits from fourteen 
mining districts in Árizona and New Mexico. The method 
employed was first to study the general geology of each 
deposit or district, either by detailed mapping and core 
logging, or by careful examination of published and 
unpublished geologic data. The observations from this 
work were verified by field reconnaissance conducted, 
where possible, with geologists familiar with the area. The 
purpose of this work was to place episodes of supergene 


activity within the framework of local geologic history 
Collation of the geologic histories from many deposits 
revealed possible regional correlation of episodes of 
supergene activity. These correlations were then tested with 
K/Ar dating of supergene minerals, resulting in twenty two 
new K/Ar dates as presented in Table 2. 


The paper also outlines the tectonic and geological setting 
of the region, and the geology hypogene mineralisation and 
alteration at each deposit or district to provide a context to 
the supergene enrichment history. The inclusion of this 
information, which was summarised from available 
published literature, was the responsibility of the co-author 


(TMP). 


Table 1: Resource/reserve and production statistics (total tonnage and grade) for selected porphyry copper deposits in southwestern 


North America, For locations sce Fig. 2. 


Deposit Location Production * Resource / Reserve Source 
Ajo - New Cornelia Arizona, USA 742 Mt @ 0.58% Cu, 0.178 g/t Au Mutschler et al., 2004 
Bagdad Arizona, USA 1596 MI @ 0.40% Cu, 0.01% Mo Mutschler ef al., 2004 
Bisbee / Warren District Arizona, USA 605 Mt @ 0.90% Cu, 0.132 g/t Au Mutschler et al., 2004 
Cananea Sonora, Mexico 7143 Mt @ 0.42% Cu, 0.01% Mo Mutschler et al., 2004 
BN Ind. Santa ^ New Mexico, USA — 1408 Mt @ 0.62% Cu, 0.01% Mo, 0.011 gtau Mutschter et al., 2004 
Christmas Arizona, USA 244 Mt @ 0.46% Cu Mutschler ef al., 2004 
Continental New Mexico, USA 297 Mt @ 0.65% Cu, 0.017 g/t Au Mutschler et al., 2004 
Copper Basin Arizona, USA 228 Mt @ 0.40% Cu, 0.01% Mo Mutschler et al., 2004 
Copper Cities Arizona, USA Included in Miami - Inspiration (see below) 
Cosala inaloa, Mexi 22 i , 209 , 125 ۱ 

x OS OM lela etn Barton et al., 1995 
Cuatro Hermanos Sonora, Mexico 233 Mt @ 0,43% Cu Mutschler et a/., 2004 
El Arco Baja Calif., Mexico 660 Mt @ 0.6% Cu, 0.3 g/t Au Barton et al., 1995 
Ely / Robinson District Nevada, USA 750 Mt @ 0.61% Cu, 0.272 g/t Au, 0.01% Mo Mutschler ef al., 2004 
La Caridad Sonora, Mexico 4800 Mt @ 0.45% Cu, 0.02% Mo Mutschler et al., 2004 
Lakeshore Arizona, USA 446 Mt @ 0.77% Cu Mutschler ef al., 2004 
Malpico Sinaloa, Mexico «10 Mt @ 0.9% Cu Barton et al., 1995 
Miami - Inspiration plus Arizona, USA 1594 Mt @ 0.64% Cu Mutschler et al., 2004 
Milpilas Sonora, Mexico 230 Mt @ 0.85% Cu Mutschler et al, 2004 
Mineral Park Arizona, USA 171 Mt @ 0.46% Cu, 0.03% Mo, 0.027 g/t Au Mutschler et al., 2004 
Morenci Arizona, USA 4693 Mt @ 0.52% Cu Mutschler et al., 2004 
Nacozari (Los Pilares) Sonora, Mexico 147 Mt @ 1.04% Cu Mutschler el al, 2004 
Piedras Verdes Sonora, Mexico 287 Mt @ 0.37% Cu Mutschler el al., 2004 
Pima - Mission+Twin Buttes Arizona, USA 1902 Mt @ 0.69% Cu Mutschler et al., 2004 
Pinto Valley (Castle Dome) Arizona, USA 1371 Mt @ 0.32% Cu Mutschler et al., 2004 
Poston Butte (Florence) Arizona, USA 726 Mt @ 0.39% Cu Mutschler el al., 2004 
Ray Arizona, USA 1583 Mt @ 0.68% Cu Mutschler et al., 2004 
Red Mountain Arizona, USA 570 Mt @ 0.63% Cu Mutschler ef af., 2004 
puede و‎ ee Arizona, USA 7891 Mt @ 0.49% Cu, 0.016 git Au Mutschler et al., 2004 
San Antonio de !a Huerta Sonora, Mexico 11 to 15 Mt @ 0.8 to 1.0% Cu Barton ef al, 1995 
San Manuel - Kalamazoo Arizona, USA 1386 Mt @ 0.60% Cu, 0.017 g/t Au Mutschler ef al., 4 
Santa Cruz, Sacaton Arizona, USA 1449 Mt @ 0.59% Cu, 0.011 g/t Au Mutschler ef al., 2004 


Santa Rita 

Santo Tomas 

San Xavier North 
Sierrita - Esperanza 
Silver Bell 

Suaqui Verde 
Superior - Magma 
Tyrone 

Yerington, Ann Mason 


New Mexico, USA 
Sinaloa, Mexico 
Arizona, USA 
Arizona, USA 
Arizona, USA 
Sonora, Mexico 
Arizona, USA 
New Mexico, USA 
Nevada, USA 


See Central District 
250 Mt @ 0.45-0.52% Cu 
161 Mt @ 0.53% Cu 


1829 Mt @ 0.26% Cu, 0.02% Mo 
267 Mt @ 0.69% Cu, 0.01% Mo 
Supergene 2000x400 m @ 0.3-0.5% Cu 
28 Mt @ 4.62% Cu, 0.919 g/t Au 


1048 Mt @ 0.49% Cu 
1561 Mt @ 0.43% Cu 


Barton et al., 1995 
Long, 1995 
Mutschler et al., 2004 
Mutschler ef al., 2004 
Barton ef al., 1995 
Mutschler ef al., 2004 
Mutschler et al., 2004 
Mutschler el af., 2004 
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Previous Work 


An understanding of the processes and the historic geology 
of supergene copper enrichment of porphyry copper 
deposits has been developed from studies undertaken in 
the southwestern U.S., Mexico, Chile and Peru since the 
late nineteenth century. A summary of these studies and 
what they have revealed is included below to provide a 
source of further reading and to establish a background to 
the main subject of this paper. 


The fundamental geochemistry of the supergene enrichment 
process was well documented by the early 1900s (Kemp 
1905; Sullivan 1905; Stokes 1906; Emmons 1917). 
Investigation and understanding of leached outcrops has 
been intensively studied in southwestern North America 
(Locke 1926; Weiss 1965; Blanchard 1968; Loghry 1972; 
Anderson 1982; Gilmour 1995; Titley and Marozas 1995 
and others quoted therein). 


These studies (as summarised from Titley and Marozas 
1995) have shown that supergene processes commence with 
the onset of weathering of a porphyry system, when 
descending oxidised fluids of meteoric origin dominate the 
flow through veins and stockworks. Oxidation produces 
oxidised iron species and acid from pyrite, lowering the 
pH. In addition, oxidation of either primary or secondary 
copper sulphides minerals releases copper into a more 
soluble form. Dissolution and transport of copper is 
enhanced if sufficient pyrite is available to form acid and 
ferric ion to sustain a high oxidation state. Copper thus 
mobilised moves vertically or horizontally across the zone 
of oxidation to a usually horizontal level of contrasting 
redox conditions, commonly the water table, where it 
contributes to the formation of an enriched blanket. The 
enrichment blanket evolves through the precipitation of 
copper onto un-oxidised copper sulphides and pyrite. 
Chalcopyrite and bornite are preferentially attacked by this 
process, followed by pyrite to produce a chalcocite 
dominated mineralogy. Enrichment blankets generally have 
lateral dimensions of hundreds of metres, up to a few 
kilometres in the larger examples, and vary from tens, to in 
exceptional cases, bundreds of metres in thickness. 


The zone of oxidation is uppermost, and is characterised 
by alteration products derived from the oxidation and 
leaching of sulphides and the modification of silicate 
minerals by reaction with low pH solutions, often with an 
iron rich oxide “cap” overlying the main zone of leaching. 
Supergene sulphide enrichment is dependent upon the 
presence of specific host rock compositions containing 
copper sulphides, most commonly as chalcopyrite and 
bornite, accompanied by pyrite. Ideally the host rocks 
should: 1) be less reactive (preferably potassium-aluminium 
silicates rather than mafic mineral- or carbonate-rich hosts) 
SO as to not buffer the acid solutions; ii) have a pyrite 
content greater than that of copper sulphides, to maintain a 
low pH, and iii) be sufficiently porous and permeable to 
both allow access of oxygen (to produce a high Eh), and 
facilitate the migration of fluids. Oxidation of low pyrite 
mineralisation and/or mineralisation in a reactive host will 
result in the formation of an *oxide copper' mineralogy 
with little or no upgrading (Titley and Marozas 1995). 
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Oxidation, leaching and supergene enrichment is best 
developed in a hot to temperate and semi-arid climate. 
Uplift is required to produce and maintain a hydrological 
gradient, although it is essential that erosion does not 
outstrip the development of a thick zone of strong oxidation 
and leaching. Pulses of uplift will lead to cycles of 
supergene enrichment, whereby erosion removes oxidised 
and leached cappings (and other subsequently deposited 
cover), to expose earlier enrichment blankets. These are 
then oxidised and leached, to produce newer, 
topographically lower and generally higher grade, more 
mature supergene blankets at the depressed water table 
(Titley and Marozas 1995 and references quoted therein). 


The preponderance of evidence gathered to date from the 
studies quoted above, leads to the conclusion that leached 
cappings dominated by goethite and jarosite form after the 
oxidation of chalcopyrite, pyrite and bornite bearing 
mineralisation, while those rich in hematite form after the 
destruction of an older chalcocite dominated mineralogy. 


The cordillera of North and South America share a common 
link in the tectonic tempo of the Pacific Basin, although in 
deiail, their geomorphological evolution is quite different. 


South America 


The historic geology of copper enrichment, and in particular 
the relationship between sulphide enrichment and the 
development of the modern landscape in Chile is the subject 
of a series of studies undertaken by Segerstrom (1963), 
Clark et al., (1967), Sillitoe et al., (1968), Mortimer (1973, 
1977) and others. From these studies it may be concluded 
that supergene enrichment is generally related to erosional 
intervals between periods of continental sedimentation. 
Mortimer (1973) identified the Late-Eocene to Early 
Oligocene and Middle to Late Miocene as the most 
favourable periods of supergene sulphide enrichment in 
Chile. The conclusions of Sillitoe ef al., (1968) and 
Mortimer (1973) were based on stratigraphic and 
geomorphic data constrained by radiometric dating of 
volcanic marker horizons, while supergene minerals were 
dated directly. Subsequent publications, including 
Gustafson and Hunt (1975), Alpers and Brimhall (1988) 
and Sillitoe and McKee (1996) include K/Ar dates of 
supergene alunite that corroborate findings from earlier 
studies of enrichment chronologies in Chile. Clark et al., 
(1990) studied the age of supergene enrichment in Peru, 
concluding it was essentially contemporaneous with that 
of northern Chile 


North America 


Lindgren (1905) believed that enrichment in the Morenci 
district occurred in what he termed “Gila Conglomerate 
time”. More recent studies in the same district by Moolick 
and Durek (1966) and Langdon (1973) concluded that 
enrichment took place in Eocene or Miocene time, or both. 
Atwood (1916) investigated the relation between 
physiographic conditions and supergene enrichment at 
Butte, Montana and Bingham Canyon, Utah, and concluded 
that the formation of modern enriched ores commenced 
with the dissection of an Eocene peneplain and continued 
intermittently until the Pliocene. 
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Livingstone et al., (1968) investigated the enrichment and 
preservation of porphyry copper deposits in Arizona and 
concluded that most deposits in the region were enriched 
prior to Mid-Tertiary volcanism. Schwartz (1953) 
recognised three stages of enrichment at San Manuel, 
Arizona and correlated these stages with the intervals 
between the deposition of terrestrial sediments in the 
district. Gilluly (1946) also noted the cyclic nature of 
supergene processes when he documented three stages of 
supergene mineralisation at Ajo, Arizona. Of these, only 
the older, Eocene cycle of weathering resulted in 
enrichment, while the younger episodes produced in situ 
oxidation of a protore with a low pyrite: chalcopyrite + 
bomite ratio with no discernable enrichment. 


Paige (1922) recognised three stages of enrichment at 
Tyrone, New Mexico, the first of which began prior to the 
deposition of the Mid-Tertiary volcanic rocks. The second 
phase commenced when the mineralisation was again 
exposed after the volcanics were removed by erosion. This 
phase was characterised by drainage into a closed basin 
and was initially terminated when the deposit was drowned 
and then covered by the Mangas Conglomerate. The third 
episode commenced with the removal of the Mangas 
Conglomerate when the district was integrated into the Gila 
River drainage system. A hematitic capping was formed 
when the earlier supergene enriched sulphides were 
oxidised and bodies of exotic copper mineralisation formed 
to the northeast during the third stage of supergene 
enrichment of the main deposit. 


Dating of Supergene Minerals 


Three minerals were used to directly date supergene events 
in the study reported in this paper, alunite, jarosite and illite. 
Alunite dates are relatively common and well accepted as 
indicators of both hypogene and supergene events. The 
isotopic composition of sulphur from some of the alunite 
dated was determined as a check on the supergene origin 
of the mineral phases. Jarosite is dated less often and is 
less reliable (e.g. Alpers and Brimhall 1988 discredited 
jarosite dates from rocks at La Escondida). Jarosite dates 
have been included in the interpretations reported herein, 
where they are consistent with the observed chemical and 
paragenetic relationships, as discussed below. Illite has 
been used to date supergene events at Bisbee, Tyrone and 
Pinto Valley. 


Modelling of the weathering of sulphide bearing felsic 
igneous rocks by Bladh (1982) indicated that jarosite should 
precipitate in the supergene environment before alunite in 
almost all circumstances. Jarosite precipitates while 
sulphides are dissolving and pH is low, but abruptly stops 
forming when all of the sulphides are exhausted. Alunite 
precipitation only commences when all of the sulphides 
have dissolved and the pH begins to rise, while illite/ 
muscovite begins after alunite. Alunite cuts jarosite in the 
samples studied and reported in this paper, while the relative 
ages of jarosite and alunite from both Ajo and San Xavier 
North reflect the suggested paragenesis. 


The validity of K/Ar and *Ar/?Ar dating techniques for 
supergene alunite has been rigorously tested and confirmed 
by Bird e: al., (1990) (see also Sillitoe and McKee 1996). 


Dates obtained are assumed to be minimum ages and 
closure is taken to be contemporaneous with precipitation. 
Details of the isotopic dilution methods for argon analysis 
and wet chemical analysis of potassium used in the study 
reported in this paper are given in Livingstone etal., (1967), 
Damon et al., (1974) and Shafiqullah et al., (1980). 
Samples with a prefix of “X” were analysed by Geochron 
Laboratories in Cambridge, Massachusetts (U.S.), while 
all others were from the Geochronology Laboratory at the 
University of Arizona. All alunite and jarosite specimens 
were hand picked from crushed samples, with the purity 
and field identification being checked by X-ray diffraction 
and examination of polished thin sections using standard 
petrographic techniques. 


It should be noted that two ofthe samples analysed, (UAK A 
92-22 from Tyrone, New Mexico, and UAKA 92-57 from 
Pinto Valley, Arizona) comprised submicron illite. The 
techniques utilised to determine these dates conform to the 
methods developed by the late M Shafiqullah 
(Geochronology Laboratory, the University of Arizona) by 
adapting those of Glassman el al., (1989). The reliability 
of age determinations of sub-micron illite has been 
questioned, and consequently the results should be treated 
with some caution, Never the less the ages obtained are 
consistent with observed field relationships, and hence are 
included. 


Tectonic and Geologic Setting 


The tectonic setting of southwestern United States and the 
northem half of Mexico (Fig. 1) may be broadly divided 
into: i) a western to southwestern region of largely 
Mesozoic arc related rocks overlying Palaeozoic sediments, 
predominantly in Mexico; ii) Precambrian basement in 
eastern Califomia, Arizona and New Mexico in the U.S., 
and northern Sonora and much of Chihuahua in northern 
Mexico; iii) an eastern to northeastern series of thick 
Mesozoic carbonate platforms built on Early to Mid- 
Mesozoic clastic sequences overlying poorly understood 
metamorphic basement of Precambrian, Palaeozoic and 
Mesozoic age (Barton ef al., 1995). 


The Precambrian block in the north of the region constitutes 
the southwestern margin of the Precambrian North 
American Craton. It has been divided into three main 
terranes, namely: i) a greater than 2 Ga Palaeoproterozoic 
block in eastern California and southern Nevada, west of a 
north-south boundary along the Arizona-California border; 
ii) a Late-Palaeoproterozoic (1.72 to 1.68 Ga) terrane 
dominated by clastic meta-sedimentary rocks and intruded 
plutons, which eccupies much of Arizona, New Mexico 
and northern Sonora; this terrane underlies or encloses the 
majority of the most significant porphyry deposits of the 
region; it has an increased volcanic component to the 
northwest which has a reduced density of porphyry deposits 
(see Fig. 1), and iii) two separated slices of Late- 
Palaeoproterozoic (approximately 1.8 Ga) basement 
composed of meta-volcanic rocks, one to the southwest of 
the 1.72 to 1.68 Ga terrane, separated from it by a north- 
west trending structure, the Mojave-Sonora Megashear, the 
second to the north west of the 1.72 to 1.68 Ga terrane, 
across a northeast-southwest trending terrane boundary and 
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located within northwestern Arizona and southern Nevada; 
this terrane only underlies or encloses a small number of 
porphyry copper deposits (Titley 1995 and references 
quoted therein). 


The Precambrian terranes are overlain by a variably eroded 
2 to 4 km thick sequence of Phanerozoic rocks comprising 
Palaeozoic platform cover, predominantly of carbonate and 
lesser clastic sediments, a variable thickness of Mesozoic 
clastic and volcanic rocks, and by Mesozoic shelf carbonate 
rocks to the southeast in Mexico (Titley 1995 and references 
quoted therein). 


To the north and northeast, the Precambrian North American 
Craton thickened and formed a more stable, less deformed 
nucleus, the Colorado Plateau, characterised by 
Phanerozoic cratonic sediments overlying a block faulted 
mosaic of Proterozoic basement. Laramide magmatism 
and tectonism, subsequent extension, and ‘basin and range’ 
faulting fringed the Colorado Plateau to the west and 
southwest separated by a broad transition zone marking a 
gradation in structural activity (Oldow et al, 1989; 
Christiansen and Yeats 1992; Miller ef al., 1989). 


The southwest of North America has a complex magmatic 
history that dates back to at least the Mesoproterozoic and 
continues to the present. Economic minera! deposits are 
largely restricted to Late-Mesozoic to Cenozoic igneous 
centres related to plate convergence along the Pacific 
margin. Magmatic rocks intrude all parts of the region, 
although they are best exposed in the west. Pre-Jurassic 
magmatism is widely distributed, but is largely dominated 
by Mesoproterozoic granitoids in the Precambrian block 
of northwestern Mexico and southwestern U.S.. Palaeozoic 
intrusives are rare, with the exception of equigranular 
Permian granitoids (without coeval volcanics) which are 
widely distributed through eastern and southern Mexico, 
related to Atlantic convergence in eastern Mexico (Barton 
et al., 1995). 


Magmatism related to plate convergence along the Pacific 
margin commenced with sparse, mainly mafic, Triassic 
volcanic rocks which are predominantly localised in what 
is now the Baja California Peninsula and sections of the 
southwestern U.S. where significant alteration and minor 
porphyry copper type mineralisation is known. Arc related 
intrusive centres were developed over a broad interval from 
the Baja California Peninsular to Sonora in Mexico, 
extending northwards into Arizona through to eastern 
California and Nevada. These rocks are believed to be 
predominantly of Jurassic age and in the west are mainly 
composed of basaltic to intermediate volcanic rocks with 
some gabbroic to tonalitic intrusions. Further inland, 
centres in Árizona and Sonora compríse hornblende bearing 
monzodiorite to quartz monzonite to granite suites, with 
associated andesitic volcanic rocks. These latter centres 
are found in some porphyry districts such as near Cananea 
in Mexico and in the southwestern U.S. where they may 
be extensively altered and carry some porphyry style 
mineralisation as at Bisbee in Arizona and Yerington in 
Nevada (Figs. 1 and 2) (Barton ef al., 1995). The host 
intrusives at Bisbee and Yerington are in the age range 178 
to 163 Ma (Titley 1981; Dilles and Wright 1988). 
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After a Late-Jurassic lull, vigorous magmatism was 
renewed in western Mexico and southwestern U.S. This 
magamtism is represented by metaluminous diorite-tonalite 
suites of the composite Mid-Cretaceous Peninsular Range 
and Sinaloa batholiths on the Baja California Peninsula and 
in Sinaloa on the adjacent east coast of the Gulf of 
California, which were contiguous prior to the Miocene 
opening of the Gulf of California. In the U.S., this same 
period of magmatism was represented by the continuation 
of the composite Peninsular Range and Sierra Nevada 
Batholiths. Associated volcanic rocks are only common in 
a few areas. These composite batholiths are the exhumed 
roots of an ancient volcanic arc (Barton et al., 1995; Oldow 
et al., 1989). The El Arco porphyry copper deposit (660 
Mt @ 0.6% Cu, 0.3 g/t Au) in Baja California Norte is 
associated with a 107 Ma intrusive of this episode (Barton 
et al, 1995) while the Ely/Robinson District deposits 
(750 Mt @ 0.61% Cu, 0.27 g/t Au, 0,01% Mo) in eastern 
Nevada are hosted by a 105 to 110 Ma quartz monzonite 
(Figs. 1 and 2) (Titley 1981). 


Beginning at approximate]y 80 Ma, in the Late-Cretaceous, 
the axis of arc magmatism migrated approximately 200 km 
to the northeast to cover a broad northwest-trending swathe 
encompassing most of the states of Sinaloa and Sonora in 
Mexico and Arizona and western New Mexico in the U.S. 
By the beginning ofthe Eocene, magmatic activity, though 
less intense, had spread further east into Chihuahua, 
Durango, San Luis Potosi and Zacetecas states in Mexico. 
Further south magmatism was more restricted and only 
extended for a few hundred kilometres inland from the 
Pacific coast. This period of magmatism represents the 80 
to 50 Ma Laramide Are and was responsible for most of 
the porphyry type copper mineralisation in the southwestern 
U.S. and northern Mexico (Barton et al., 1995) - see Table 
1 for reserve/resource + production statistics of deposits. 


Laramide igneous activity was accompanied by an ENE- 
WSW directed compressional tectonic regime, 
characterised by northwest trending basement core uplifts 
which were flanked by reverse and thrust faults (Davis, 
1979). A prominent, contemporaneous, ENE trending 
brittle structural fabric was also developed over a wide area, 
governing the attitudes of steep fractures, faults, dykes and 
veins and influencing intrusive emplacement (Rehrig and 
Heidrick, 1972; Heidrick and Titley, 1982). 


Hydrothermally altered andesitic volcanic rocks are 
abundant and well preserved, particularly along the eastern 
margin of the Laramide Arc in Mexico. Northward in 
Arizona and southwestern New Mexico, similar volcanics 
are also present. The Laramide igneous centres are 
predominantly intermediate (altered andesites) in 
composition, with subordinate dacites, and are believed to 
represent the eroded root zones of andesitic stratovolcanoes. 
The most common intrusives are hornblende- (pyroxene- 
and biotite-) bearing quartz diorites and granodiorites to 
quartz monzonites, occurring as batholiths, stocks and dyke- 
sill swarms. Late rhyolites and quartz-feldspar porphyries 
are common in many intrusive centres. Coeval volcanics 
are sparse in the late Laramide centres, implying that most 
intrusions of this stage did not vent to the surface (Batton 
et al., 1995; Titley 1995). 
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The cessation of Laramide plutonism, volcanism and crustal 
shortening, by around 50 Ma in the Mid-Eocene, was 
followed by a 15 m.y. period of magmatic quiescence, 
erosion and continental sedimentation, the Eocene 
Epeirogeny. From approximately 35 Ma, a period of 
extension ensued over the area of Precambrian basement, 
persisting from the Oligocene to the Mid-Miocene. This 
phase was characterised by the development of listric, 
detachment and strike-slip faults, associated listric tilting, 
and the uplift and exposure of metamorphic core complexes. 
Tilting of pre-Oligocene strata (and porphyry copper 
deposits) by listric faulting has been measured at as much 
as 60%. Extension on individual detachments has been 
measured at from 10 to 70 km directed along axes generally 
oriented in a direction of 55 to 70 in Arizona and Sonora 
(Fig. 1). The magnitude of supracrustal hangingwall 
extension on individual detachments varies considerably, 
with representative estimates of from 65 to 150%. 
Extension has exposed metamorphic core complexes which 
are highly extended, differentially uplifted and are 
characterised by juxtaposed supra- and infra-crustal rocks. 
Each comprises footwall mylonitic gneisses developed 
under a ductile deformation regime, overlain above a 
regional, low angle, curviplanar detachment fault, by an 
upper plate of tilted, rotated and brittle deformed 
Proterozoic to Miocene units. Thermobarometric studies 
indicate that these core complexes have undergone vertical 
uplift ranging from five to several tens of kilometres 
(Wilkins and Heidrick, 1995). 


Post Laramide magmatism was initiated at around 35 Ma, 
in the Oligocene, and persisted for 15 to 20 m.y. to the 
Early Miocene, accompanying the extensional regime 
described above. This magmatism and structural activity 
comprised the Mid-Tertiary Orogeny. Magmatic activity 
is represented by voluminous ignimbrite-dominated 
volcanism in the Sierra Madre Occidental, erupted from 
multiple centres, and coalescing to form an almost 
continuous volcanic pile which was up to 200 to 300 km 
wide and extended for over 1200 km in a southeasterly 
direction from the Mogollon-Datil Volcanic Field in 
southern Arizona and New Mexico, to central Mexico. This 
belt of terrestrial volcanism reflects a further overall 
northeastward migration of the axis of magmatism. It 
commenced in the west, migrated eastward and then 
westward again, covering much of the landscape created 
by the denudation of the earlier Laramide topography during 
the Eocene quiescence. The lower series of this volcanic 
pile is dominated by andesitic ignimbrites, with minor 
rhyolitic phases, waterlain pyroclastics, agglomerates and 
tuffs. It is 1000 to 1400 m thick and is regionally 
propylitised, hosting numerous epithermal vein type 
precious metal deposits. After a 10 m.y. hiatus, during 
which the lower series were tilted and eroded, the upper 
series was deposited, comprising mostly rhyolitic and 
rhyodacitic ignimbrites, with minor mafic lavas (Barton 
et al., 1995; de Cserna, 1989). 


During the Mid- to Late-Miocene, between 18 and 10 Ma, 
the nature of tectonism in the area previously occupied by 
the Laramide Arc changed again, from a listric extensional, 
to a block faulted regime which persists to the present in 


some areas. The change also coincided with the cessation 
of the intense Mid-Tertiary terrestrial volcanism and the 
Mid-Tertiary Orogeny. This regime, which extended from 
the Great Basin in Nevada and Utah, into Arizona-New 
Mexico and to Sonora (Fig. 1), came to be characterised 
by “basin and range” tectonics. [t comprises gently tilted 
normal-fault blocks, marked by linear ranges and 
intervening valleys filled by thick piles of lacustrine and 
fluvial sediments. The trend of these linear ranges and 
valleys vanes from generally northeast to NNE to north- 
south in Nevada and Utah, to predominantly SSE in Arizona 
and Sonora (Christiansen and Yeats 1992). 


The development of the ‘basin and range’ regime, 
particularly in Arizona, New Mexico and Sonora, occurred 
in two stages, both superimposed on the preceding Mid- 
Tertiary extension. The first, in the Mid-Miocene was a 
transitional stage, with continuing extension which formed 
broad basins, accompanied by mafic to intermediate calc- 
alkaline magmatism. The second stage of “basin and range’ 
tectonics began, or accelerated at about 13 to 10 Ma and 
ceased by 8 Ma in western Arizona, but continues to the 
present further east. To the south, in southern Sonora, the 
first stage had commenced at approximately 21 Ma, while 
the second stage ceased at around 6 Ma. The typical basins 
are grabens or half grabens, with structural relief between 
the base of the sediment filled basins and the range crests 
of from 2 to 4 km, sometimes as much as 6 km or more 
(Christiansen and Yeats 1992). 


There have been three periods of porphyry copper 
formation, in southwestern North America, one in the 
Jurassic (represented by the replacement and breccia 
complex at Bisbee in southeastern Arizona and the 
Yerington deposits in Nevada), a second from 110 to 105 
Ma on the Baja California Peninsular (ElArco) and in 
Nevada (Ely/Robinson district), and the third related to the 
Late-Cretaceous to Late-Eocene (80 to 50 Ma) Laramide 
Arc (the bulk of the porphyry deposits of southwest North 
America). Each period corresponded to short lived episodes 
of near normal convergence of the North American and 
Pacific plates, while dating of the Laramide deposits 
indicates a correlation between ore deposits and a high rate 
of plate convergence. The restoration of the Baja California 
Peninsular to its pre-rift position reveals belts of deposits 
grossly parallel to the palaeo-continental margin. During 
the Laramide Arc activity, the deposits in the southwestern 
U.S, were some 350 to 400 km inland of that same margin. 
The principal deposits in Arizona and Sonora fall within 
the 75 to 58 Ma age bracket, while those further south in 
northern Sonora are as young as 55 Ma (Titley 1993; Titley 
1995, and references quoted therein). There is however an 
overprinting of the oldest deposits by younger systems 
towards the northeast in southwestern New Mexico and 
southeastern Arizona (sec the ‘Age of Emplacement’ inset 
on Fig. 1) 


Structural modification and brittle-fracture deformation 
during Mid-Tertiary extensional tectonics produced strong 
brittle fracturing, particularly in the plates above 
detachment structures, thus enhancing permeability to 
facilitate movement of meteoric waters and ensuing 
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supergene processes. The subsequent large scale uplift 
during the ‘basin and range” regime, resulted in weathering 
and lowering of the water table in a series of pulses, over 
an extended period, promoting multiple episodes of 
supergene leaching and enrichment. The Mid-Tertiary 
extensional tectonics has also relocated many of the deposits 
to ‘smear out’ the original pattern of distribution. 


Geologic History of Deposits 


The geology of each of the following deposits or districts, 
has been studied, either by detailed mapping and core 
logging, or by careful examination of published and 
unpublished geologic data, verified by field reconnaissance 
conducted, where possible, with geologists familiar with 
the area, Fig. 2 shows the location of the principal porphyry 
copper deposits of southwestern U.S., including those 
studied, while Table | lists the tonnage and grade figures 
for a representative selection of the key deposits of the 
region, including those described below. 


Ajo, Arizona 


The general geology of the Ajo district, the westernmost 
of the deposits studied, has been described by Gilluly (1937 
and 1946) and Dixon (1966). The structural geology of 
the Ajo district has been reinterpreted by Hagstrum et al, 
(1987). Two principal suites of rocks are represented in 
the New Cornelia pit at Ajo, namely the pre-mineral 
Concentrator Volcanics and the multiphase, Late- 
Cretaceous to Paleocene New Cornelia Pluton, which 
includes the 63.0 Ma productive porphyry and intrudes the 
Proterozoic Cardigan Gneiss. The Concentrator Volcanics 
are the oldest post Cambrian rocks in the deposit area. Their 
exact age in not known although they are in fault contact 
with the Cardigan Gneiss, are intruded by the Comelia 
Quariz Monzonite and are unconformably overlain by the 
Cenozoic Locomotive Fanglomerate. They are probably 
of Cretaceous age and range in composition from soft, dark- 
grey andesite to white, hard brittle rhyolite and comprise 
flows, flow breccias and tuffs. Rhyolites predominate in 
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the mine area where the New Cornelia Pluton is represented 
by i) the Comelia Quartz Monzonite, which away from the 
deposit is a hard, massive, grey, equigranular quartz 
monzonite, but in the pit is a hard, massive, porphyritic 
quartz monzonite which grades from a strongly silicified 
rock, with weak sericitisation of feldspars on the western 
side, to softer, porphyritic quartz monzonite with 
widespread sericitisation and minor clay alteration to the 
east; and ii) the Cornelia Quartz Diorite, which surrounds 
the Cornelia Quartz Monzonite in the pit and ranges from 
quartz diorite to diorite in composition. These porphyries 
are located in the apex of the New Cornelia Pluton, largely 
exposed to the west. Hypogene mineralisation in the 
intrusive phases is unconformably overlain, above an 
erosional surface, by an alluvial conglomerate, the 37 Ma 
Locomotive Fanglomerate, which is in turn overlain and 
interfingers with the 23.8 +0.8 Ma andesite breccias, flows 
and tuffs of the Ajo Volcanics. Dips become shallower 
upwards through the Ajo Volcanics, suggesting they were 
deposited during tilting. Since the deposition of the 
Locomotive Fanglomerate, the Ajo deposit has been tilted 
by at least 60°, and possibly by as much as 120° (Dixon, 
1966; Titley 1982; Hagstrum et al, 1987). 


The hypogene zoning pattern of the mineralised system 
contains an outer pyritic shell in the rhyolite, along either 
flank of the Cornelia Quartz Diorite. An unusual pegmatitic 
core to the deposit (Gilluly 1946), now mined out, hosted 
high grade chalcopyrite and bornite mineralisation. When 
inspected in 1993, the ore grade (70.696 Cu) hypogene 
mineralisation was hosted by granodiorite porphyry (of the 
Cornelia Quartz Monzonite) with 1 to 2% sulphides, 
K feldspar veins, thin («1 mm) chlorite veinlets and 
plagioclase altered to white mica. Chalcopyrite increases 
from north to south, towards the contact with the 
Locomotive Fanglomerate. The pre-mining mineralised 
outcrops at Ajo comprised an oxidised zone with malachite, 
chrysocolla and ‘copper wad’ (‘oxide copper’ ore) which 
extended below the surface to the water table. Primary 
chalcopyrite-bornite-pyrite mineralisation were found 


Scale in metres 


Figure 3: Geological cross section through the Ajo deposit, Arizona. The first stage chalcocite mincralisation at Ajo has 
becn tilted steeply to the south. A second stage of weathering during late Miocene and Pliocene time caused the supergene 
alteration of newly exposed primary sulphides to chrysocolla, malachite and other oxide copper mincrals. 
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immediately below the water table, except in the southern 
part of the deposit, where a tabular body of chalcocite and 
cuprite mineralisation dipped at approximately 55° to the 
south, parallel to the base of the overlying Locomotive 
Fanglomerate (Fig. 3) (Gilluly 1937). 


The base of the Locomotive Fanglomerate is an erosional 
palaeo-surface. The tilted weathering profile below this 
surface is composed of three layers, i) a hematitic capping, 
11) a thin layer of cuprite and native copper, and iii) a 
chalcocite enrichment blanket which has been encountered 
in drilling down dip to depths in excess of 600 m below the 
pre-mining surface. The palaeosurface on which the 


Locomotive Fanglomerate was deposited locally cuts 
through the hematitic capping and cuprite-native copper 
zones into the chalcocite blanket (Gilluly 1937). 


It is interpreted that the deposit was exposed, weathered 
and enriched largely prior to the deposition of the 
Locomotive Fanglomerate to produce the now south 
dipping tabular body of chalcocite and cuprite 
mineralisation. Following tilting during the Mid-Tertiary 
Orogeny, the deposit was again exposed by erosion and a 
second supergene profile comprising ‘oxide copper’ ore, 
was superimposed on the tilted enrichment blanket and 
previously un-oxidised, low pyrite, primary mineralisation. 


Table 2: Summary of K/Ar dating of supergene minerals from a selection of porphyry copper deposits in southwest North America 


Deposit Sample # Description K.0% “Arpmig “Arf=“Ar(%) Age (m.y.) 
Ajo, Arizona X-10380 m white alunite trom leached 8.629 38.386 92.00 2.6 40.04 
i : UAKA ۱ - 
Bisbee, Arizona 92-48j Jarosite, footwall Dividend fauit 6.267 38.11 66.20 3.5 10.33 
San Xavier North, UAKA , : 
Aona 92-64 Alunite from leached capping 5.915 46.64 39.90 4,54 10.14 
Silver Bell, Alunite from Oxide pit, southem end of 
Arizone X-10383 district 8.522 70.8 8.00 4.8 10.2 
San Xavier North, UAKA Jarosite from boxwork cut by alunite 
Arizona 92.65 veinlets (UAKA 92-64) Boat A 9200 SAEI 
Morenci, UAKA Pale green alunite, Henessey Hill, west of 
Arizona 92-05 Chase Creek, north of Morenci open pit 8.585 107.3 9 7.19 20.27 
Tyrone, AA i 74.20 8.46 +0.4 
New Mexico 92-55 Apia Sg (e f ۱ ` 
Bisbee, UAKA Alunite from Jones Hill, footwall Dividend 4 9.08 £0.22 
avons 92-46 fault 7.204 113.6 8.00 .08 +0. 
' UAKA Alunite from Standard Ridge, east of 
Morenci, Chase Creek, northeast of Morenci open 8.426 144.7 69.10 9.88 10.26 
Arizona 92-21 pit 
Pale yeltow alunite from hematitic leached 
Ajo, Arizona X-10381 capping, westem side of New Cornelia 6.115 117.3 9.00 11.0 4 
open pit 
Silver Bell, Alunite from Oxide pit, southem end of 462 125.5 6.00 16.2 10.4 
Arizona X-10382 district n : 
Tyrone, Ja Alunite from jarositic leached capping 7.548 212.7 60.00 16.2 £0.4 
New Mexico 92-56 
Silver Bell, Alunite from hematitic leached capping, 195 2.90 16.3 0.5 
Arizona X-10607 North Sitver Bell sem a 
ec دوب‎ Ajunite from Crusher fault zone 3.9328 131.8 37.60 19.2 10.4 
New Mexico 91-77 
Red Mountain, UAKA Alunite cutting veinlets with hematite 6.514 288.1 62.40 25.3 40.7 
Arizona 92-51 boxworks after pyrite 
Santa Rita, x.19gog Alunite from hematitic capping east side of 7439 3338 15.00 25.6 £0.7 
New Mexico Chino open pit 
Pinto Valley, UAKA Submicron illite from eastern side of open 4.349 200.4 42.60 26.4 40.6 
Arizona 92-57 pit 
Inspiration, Light green alunite mixed with chrysocolla, 42 467.5 40.00 32.9 +0.9 
Arizona X-10759 northern end of Live Oak pit 8 
Santa Rita, UAKA Alunite from 5550 level, eastern side of 8.302 498.7 49.50 34.3 £0.9 
New Mexico 93-11 Chino mine 
AKA Submicron illite from intrusive breccia in 
Tyrone, — ei hanging wall of Crusher fault, northemend 5.755 ۰ 398.1 79.00 39.5 11.7 
New Mexico - of main pit 
Sacaton, Arizona X-10384 Alunite/jarosite from discovery outcrop 2.418 178.2 32.00 41.0 11.1 
¿ ۲ UAKA Alunite from older granite porphyry, 939 176.6 58.30 141 22.5 
Bisbee, Arizona — gj 49 footwall of Dividend fault 9. 


Constants: A, = 1.4962 x 10"; A, = 0.581 x 10; YKK = 1.193 x 10* 
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The 'oxide copper' ore had been mined out in 1993, 
although sections of the tilted chalcocite blanket and 
overlying conglomerate contact were still exposed in the 
walls of the New Cornelia open pit. 


Two supergene K/Ar dates (11.0 and 2.6 Ma) are available 
from Ajo. Both were collected from mine dumps as the 
surficial “oxide copper' ore has been removed and suitable 
exposures could not be found in either outcrop or on the 
mine benches. The Late-Miocene (11.0 Ma) sample 
X-10381 (see Table 2), was a pale yellow jarosite from a 
2 mm thick monomineralic veinlet cutting hematite rich 
capping in a 3 m diameter boulder of Concentrator 
Volcanics, which mine personnel believed to have come 
from the west side of the New Cornelia open pit. The 
Pliocene (2.6 Ma) sample X-10380, is a creamy-white 
alunite from leached capping, also mined from the 

western side of the pit. This alunite date records the 
exhaustion of sulphides in the weathering zone and hence 
the end of the second post-tilting stage of supergene 
mineralisation. 


Formation of the now tilted enrichment blanket must have 
started before deposition of the Locomotive Fanglomerate, 
which commenced during the Late-Eocene, from at least 
38 Ma (Eberly and Stanley, 1978). According to Gilluly 
(1937), a change from chalcocite enrichment to cuprite- 
rich in situ oxidation occurred during this period, as first 
pyrite-rich and then pyrite-poor primary assemblages were 
exposed to weathering by tilting of the deposit (see 
Blanchard 1968 for an explanation of the role of pyrite in 
supergene enrichment). Hagstrum et al, (1987) cite 
palaeomagnetic evidence for some tilting at Ajo prior to 
the deposition of the Locomotive Fanglomerate, and what 
Gilluly (1937) observed was probably the result of this 
structural evolution. 


The main period of tilting began during the Early Miocene 
and ended before 15 Ma (Hagstrum et al., 1987). It follows 
then that supergene alteration commenced sometime before 
the Late-Eocene and continued until deposition of the 
Locomotive Fanglomerate, The K/Ar dates are evidence 
that suphides were oxidising again soon after tilting ended 
and that supergene activity continued well into the Pliocene. 
The pre-mining surficial zone of oxidation from this second 
stage showed no evidence of tilting and must be Late- 
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Miocene or younger. On the present evidence, it 15 not 
known whether supergene activity continued at a steady 
state or was intermittent during the long weathering history 
of the deposit. 


Lakeshore, Arizona 


The Lakeshore hypogene copper deposit is principally 
hosted by the 4 km long, northwest trending, composite 
67.3 +2.2 Ma Lakeshore stock which is split into two parts 
by the west dipping, normal, ‘basin and range’ regime 
Lakeshore Fault (Fig. 4). The stock comprises three phases, 
i) equigranular granodiorite in the footwall of the Lakeshore 
Fault; ii) granodiorite porphyry in the hangingwall of the 
same fault; and iii) a biotite-quartz monzonite porphyry 
intruding the granodiorite porphyry. The wall rocks of the 
stock comprise two Proterozoic units, the Pinal Schist and 
the Apache Group and a sequence of Upper Cretaceous 
andesitic volcanic and volcaniclastic rocks. The Pinal 
Schist is a 1650 Ma, Late-Palaeoproterozoic unit composed 
of pelitic schists, which contains no commercially 
significant hypogene copper mineralisation in the vicinity 
of the Lakeshore deposit. The Mesoproterozoic Apache 
Group is represented in the mine area by the Mescal 
Limestone, Dripping Springs Quartzites and diabase 
(dolerite) dykes and sills which are at least 1100 Ma. 
Mineralisation is buried below an average of 150 m of 
Pliocene-Pleistocene fanglomerate, and 0 to 10 m of 
Quaternary alluvium. Adjacent to the Lakeshore 
granodiorite, the Mescal Limestone, and possibly some 
Palaeozoic carbonates, have been altered to a garnet and 
tremolite-magnetite skarn with pyrite-chalcopyrite 
mineralisation. The skarn bed dips at 20° W and has an 
avetage thickness of 20 m (Cook, 1988; Einaudi, 1982: 
Titley, 1982). 


Three types of ore are recognised at Lakeshore, i) skarn 
ore within the Mescal Limestone (as described above) 
associated with weak hypogene, porphyry style, 
disseminated and veinlet mineralisation (dated at 
64.2 + 2.1 Ma) within the stock; ii) supergene sulphide 
enrichment ore, comprising three varieties, namely the 
chalcocite, cuprite-native copper and brochantite zones; 
and iit) supergene ‘oxide copper’ ore which include the 
chrysocolla, copper-wad and goethite zones. All of the 
mineralisation is within the hangingwall of the Lakeshore 


Figure 4: Geological cross section and level plan through the Lakeshore porphyry capper deposit, Arizona. After Cook (1988). 
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Fault, and was terminated to the east by that fault. One 
kilometre to the west, mineralisation is offset by the C Fault 
which parallels the Lakeshore Fault, and is buried by, but 
does not offset the fanglomerates. The C Fault downthrows 
the top of the supergene mineralisation by 150 m to the 
west, and is believed to have last been active in the Mid- to 
Late-Miocene (Cook 1988; Einaudi 1982). 


The Lakeshore hypogene mineralisation is, overali, a 
sulphur poor system lacking a well developed pyrite-rich 
phyllic alteration halo. There is no leached cap, with the 
gocthite zone occupying the equivalent position. Two 
distinct episodes of oxidation are interpreted, The first 
produced the chalcocite enrichment blanket and a large 
volume of chrysocolla mineralisation. The second episode 
largely destroyed the chalcocite blanket and formed the 
brochantite zone. The protore mineralisation and alteration 
determined the formation and location of the various 
supergene sulphide and oxide zones. The chalcocite and 
brochantite zones formed in rocks with a protore containing 
abundant hypogene pyrite and chalcopyrite mineralisation, 
while the chrysocolla zone was formed where the protore 
contained much less pyrite and chalcopyrite and more acid 
consuming silicates, such as biotite and plagioclase. Where 
the chrysocolla zone intersects the footwall shear, it is 
stained black by manganese rich 'copper-wad' to form the 
'copper-wad' zone. Cuprite-native copper accumulations 
occur as isolated small blocks in biotite altered andesite to 
the west (Cook, 1988; Titley, 1982). 


Little copper mobility is indicated during the deposition of 
the fanglomerates which cover the orebody. These 
conglomerates contain only trace amounts of copper, and 
immediately overlie the weathered goethite zone. The first 
period of enrichment formed the chalcocite zone and 
predated the C Fault which offsets the supergene sulphide 
zone by 150 m in the Mid- to Late-Miocene. There has 
been widespread in situ oxidation of the chalcocite zone 
since the Late-Miocene to form the brochantite, and cuprite- 
native copper zones. The chrysocolla zone is the most 
voluminous copper bearing phase (followed in volume by 
the brochantite and ‘copper-wad’ zones) and was formed 
in both stages of oxidation. The second stage of supergene 
activity, although widespread, was developed in situ and 
only resulted in alteration, with little further enrichment. 


Santa Cruz, Árizona 


The Santa Cruz deposit, 10 km to the southwest of Sacaton, 
(Fig. 5) forms a ridge of bedrock buried below 240 to 1100 
m of un-indurated conglomerates. Mineralisation and 
alteration associated with the deposit extends over an area 
that is more than 11 km in length and 1.5 km in width. Its 
present configuration and depth of burial are mainly the 
result of horst and graben faulting, tilting and low angle 
faulting associated with the Mid-Tertiary extension and 
subsequent *basin and range” tectonics. Apart from a small 
outcrop near the Sacaton mine, the deposit is covered by 
up to 1100 m of post-mineralisation alluvium, 
conglomerate, sandstone and minor volcanic rocks (Kreis, 
1995). 


Host rocks in and around the deposit include the 
Mesoproterozoic Oracle Granite (82%), dykes of Laramide 


biotite-quartz-feldspar porphyry of quartz monzonite 
composition (15%), and dykes of Proterozoic diabase 
(dolerite) and other rock types. The Laramide porphyry 
dykes and mineralisation are of Late Cretaceous age. 
Hypogene sulphides include chalcopyrite, pyrite and local 
bornite. The primary mineralisation and alteration is zoned 
with an innermost core, surrounded by a chalcopyrite zone 
and a pyritic periphery. The core and inner chalcopyrite 
zones have been subjected to alteration that produced an 
assemblage of biotite-orthoclase-quartz, while the outer 
chalcopyrite and pyrite zones have undergone quartz- 
sericite alteration (Kreis, 1995). 


A complete supergene profile comprising leached capping, 
oxide copper zone and sulphide enrichment blanket are 
preserved. Normal faults on either side of the deposit cut 
the supergene profile and locally juxtapose an 
allochthonous block of Mid-Tertiary volcanic and 
volcaniclastic rocks (the “Whitetail Formation” on Fig. 5). 
These Mid-Tertiary rocks are not hydrothermally altered, 
but do host atacamite and chrysocolla mineralisation which 
extends down into the structurally underlying Laramide and 
pre-Laramide hosts. Copper is interpreted to have been 
transported into the allochthonous block by supergene 
solutions to form an 'exotic' deposit. No exotic 
mineralisation has however, been observed within the 
overlying alluvium and gravels. The main episode of 
enrichment is older than the faults which bound the 
allochthonous block of volcanic and volcaniclastic rocks, 
although the timing of the initial supergene activity with 
respect to Mid-Tertiary volcanism is uncertain. It is likely 
that supergene processes were active both before and after 
the Mid-Tertiary Orogeny, but had ceased before deposition 
of the alluvium and gravels. 


Sacaton, Arizona 


The Sacaton deposits are located under Cenozoic cover to 
the south of the Sacaton Mountains and are described in 
detail by Cummings (1982). The geological history of the 
Sacaton Mountains commenced with the intrusion of the 
Mesoproterozoic Oracle Granite Batholith into Late- 
Palaeoproterozoic pelitic, quartz-muscovite schists of the 
Pinal Schist, These were overlain by sediments of the 
Mesoproterozoic Apache Group and intruded by the 
857 Ma Neoproterozoic Sacaton Granite. Minor remnants 
of Palaeozoic quartzites and carbonate rocks are evident 
locally. The preceding were cut by two Laramide intrusives, 
the Three Peaks Monzonite and Sacaton Peak Granite. 


The two Sacaton ore deposits and alteration zone are 
confined to a 6.5 x 2.5 km and 400 to 650 m thick 
allochthonous structural block overlying a low angle 
detachment known as the ‘Basement Fault’ (Fig. 5). The 
footwall of this structure is composed of unaltered and 
unmineralised metamorphic rocks. The upper plate 
comprises brecciated and altered Proterozoic granites, 
diabase (dolerite) and dacite porphyry dykes, monzonite 
and quartz monzonite porphyries (both of which are 
assumed to be Laramide in age, but are different in character 
to the nearby Three Peaks Monzonite and Sacaton Peak 
Granite), and mixed breccias of these porphyries and 
Proterozoic granites (Cummings 1982). 
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Two periods of brecciation are recognised at Sacaton. The 
first is pre-mineral and is related to intrusion of the 
monzonite porphyries. Post-mineral brecciatton is 
superimposed upon, and is more extensive than the earlier 
phase, with fracturing often being healed by supergene 
alteration minerals. The rocks of the upper plate have been 
strongly altered with biotite dominated potassic alteration 
of the monzonite and quartz monzonite porphyries, 
overprinted by quartz-sericite phyllic alteration within the 
porphyries and the surrounding breccias and granites. 
Hypogene mineralisation comprises disseminated, vein and 
vug fillings of pyrite, chalcopyrite and molybdenite which 
reach ore grade in the West orebody but are sub-economic 
in the East orebody. Both hypogene deposits have been 
subjected to supergene enrichment to produce economic 
chalcocite-covellite enrichment blankets with associated 
sericite-clay alteration. The Laramide and older rocks of 
the upper plate are largely concealed by thick conglomerates 
of the Mid-Tertiary Whitetail Conglomerate (Cummings 
1982). 


The East and West supergene enriched orebodies are fault 
offsets of the same deposit. They are separated by the north- 
south to northwest trending, 60°E dipping Sacaton Fault 
with a vertical displacement of at least 450 m. The Sacaton 
Fault, which was buried below 15 to 30 m of Quaternary 
alluvium, had no obvious expression on the modern 
landscape. The West orebody is from 15 to 150 m thick 
and is located in a horst to the west of the Sacaton Fault, 
while the East orebody is 60 to 120 m thick and is below a 
graben on the opposite side of the fault. A single small 
outcrop of leached capping was preserved on the peak of 
the horst, immediately to the south of the main open pit 
now developed on the West orebody. Mature supergene 
profiles comprising leached cappings, oxide zones and 
sulphide enrichment blankets are juxtaposed with un- 
mineralised conglomerate by the Sacaton Fault and related 
flat lying structures. This indicates that oxidation and 
sulphide enrichment predated the Mid- to Late-Miocene 
block faulting, as at Lakeshore and Santa Cruz. A single, 
Late-Eocene, 41.0+1.1 Ma supergene date is available from 
a sample of the original leached capping outcrop, identified 
in the field as alunite on the basis of a cream colour and 
light beige streak. Chemical analysis revealed the sample 

to have 2.48% K O, closer to the stoichiometry of jarosite 

than alunite. Thé specimen was not analysed for Fe or Na 

and its supergene origin is based on occurrence alone. It is 

not known whether oxidation and supergene alteration was 

continuous or intermittent between the Late-Eocene and 
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the Late-Miocene. If they were, the event would have lasted 
from 25 to 30 m.y. There is no field evidence for any 
subsequent supergene enrichment and in situ oxidation 
appears to have been very limited since the last movement 
on the Sacaton Fault. 


Silver Bell, Arizona 


Mineralisation in the Silver Bell district is associated with 
an arcuate corridor of pyritisation some 12 km long and 
from 200 to 2000 m wide, which trends from near east- 
west at the Oxide Pit in the south, to north-south in the El 
Tiro pit to the north. The district is located within the Silver 
Bell Mountains, a tilted block bounded by the post- 
mineralisation Atlas Fault to the west, which brings the 
mineralised sequence into contact with the younger Tertiary 
Gila Conglomerates (Graybeal 1982). 


Mineralisation in the Silver Bell district is associated with 
a series of Late-Cretaceous (67.1 Ma) Laramide stocks of 
quartz monzonite porphyry, the most important of which 
are the El Tiro and Imperial stocks associated with ore in 
the El Tiro pit (Fig. 6). These stocks inirude a sequence of 
Palaeozoic quartzites and shales which are overlain by 
Mesozoic clastic rocks, comprising arkose with lesser 
interbedded shales and minor conglomerate. Both the 
Palaeozoic and Mesozoic sediments are intruded by an up 
to 1000 m thick, shallow dipping, sill like body of Mesozoic 
dacite porphyry and an extensive mass of coarse grained 
alaskite. Both of these intrusions post date the Mesozoic 
clastic rocks and predate the mineralised stocks which were 
emplaced near the contact zone between the Alaskite mass 
to the southwest and the east dipping dacite porphyry sil! 
to the east (Titley 1993; Graybeal 1982). 


Alteration around the main El Tiro and North Silver Bell 
pits comprises a 12.5 km? zone of potassic alteration, 
characterised by disseminated biotite and K feldspar, with 
smaller cores of vein biotite plus K feldspar, centred on the 
Laramide intrusive stocks. This alteration is broadly 
coincident with an 8.5 km? zone of pyritisation. The 
potassic zone is fringed by a variably developed propylitic 
halo and is overprinted by smaller zones of phyllic quartz- 
sericite alteration. 


Hypogene mineralisation occurs as disseminations and 
veinlets with chalcopyrite accompanying biotite rich 
potassic intervals, and chalcopyrite, molybdenite and pyrite 
associated with the K feldspar rich potassic zones, while 
pyrite is the dominant sulphide associated with phyllic 
alteration. The porphyry style mineralisation at the El Tiro 
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Pit is hosted by the porphyry stocks and alaskite, with some 
skarns formed from carbonate facies in the Palaeozoic 
sequence (Graybeal 1982). At North Silver Bell, 2.5 km to 
the north, the North Silver Bell Stock has invaded and 
mineralised the dacite porphyry. The hypogene 
mineralisation and alteration is very similar to that at El 
Tiro (Lopez and Titley, 1995). 


Oxidation in the skarn “contact ores" extended to an average 
of 75 m below the surface, leaching sulphur and iron. No 
copper was transported or enriched by the meteoric waters 
due to the reactivity of the host. Cuprite, not malachite or 
azurite was the principal oxide minerals formed in the 
skarns of the Oxide Pit (Stewart 1912), although Graybeal 
(1982) reported that malachite was abundant in the skarns 
around the Imperial Stock. 


The bulk of the ore mined from the El Tiro pit was present 
as a 60 m thick (using a 0.4% Cu cutoff), flat lying and 
tabular supergene enriched sulphide blanket overlain by a 
30 m thick remnant leached capping which averaged 300 
ppm Cu. The contact between the enrichment blanket and 
the leached capping is sharp and generally parallels the 
current surface. Chalcocite enrichment in the porphyries 
and alaskite was due to pervasive replacement of 
chalcopyrite and partial conversion of pyrite Copper grades 
within the enriched zone were relatively uniform and were 
not zoned relative to hypogene grades, although the copper 
mineralogy was strongly zoned relative to the hypogene 
alteration. Chalcocite dominated within zones of pyritic 
phyllic alteration, while chrysocolla was found, almost to 
the exclusion of chalcocite, in the absence of phyllic 
alteration (Graybeal 1982). 
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Prior to mining at North Silver Bell, the supergene 
enrichment blanket covered an area of approximately 
1.5 km”, with a tenor of around 15 metre-percent, mostly 
developed over altered dacite porphyry hosts. Higher 
grades corresponded to areas of stronger fracture density, 
reflecting zones of vein controlled quartz-sericite-pyrite 
alteration where both orthoclase-biotite and phyllic 
alteration were telescoped and hypogene grades were the 
greatest. The supergene enrichment blanket lies beneath 
outcropping goethite-dominant limonite capping developed 
by weathering and erosion of an originally thicker oxidation 
profile (Lopez and Titley 1995). According to Lopez and 
Titley (1995), the current chalcocite blanket represents a 
second, mature cycle of enrichment which leached an older 
blanket that occupied a level now marked by hematite 
capping exposed on ridges and slopes, overlain in turn by 
goethitic limonites of the older, but less mature cycle of 
enrichment. 


Mature supergene profiles such as those at El Tiro and North 
Silver Bell, have been developed throughout most of the 
Silver Bell district and are little disturbed by faulting. 
Graybeal (1982) concluded that as the top of the enrichment 
blanket conforms to the modern surface, enrichment 
occurred in the modern landscape. While Graybeal (1982) 
noted that clasts of weakly pyritised porphyry with 
propylitic alteration have been found in Oligocene 
conglomerates east of the Oxide Pit, implying the upper 
portions of the orebody may have been in contact with the 
atmosphere then, this was not evidence of enrichment at 
that time. He does suggest from field evidence that the 
chalcocite blankets in the district formed after the 
emplacement of a Late-Oligocene andesite dyke. 
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Figure 6: Geological map of section of the Silver Bell Complex, Arizona and cross section through the El Tiro Stock and orebodies. 
This figure is an amalgamation of information from diagrams in Graybcal (1992), Titley (1993), Lopez and Titlcy (1995), Cook, 1994 and 
others cited in these references. 
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By applying a copper mass balance and an estimate of the 

rate of erosion, Graybeal (1982) calculated that supergene 

enrichment had occurred over the last 3 m.y. Three 

supergene dates have been determined from the Silver Bell 

district. Two are from the Middle Miocene (16.2 10.4 Ma 
and 16.3 £0.5 Ma), and the third is Pliocene (4.8 40,2 Ma). 

The two Middle Miocene samples were from the south and 
north ends of the field respectively. The 16.2 10,4 Ma date 
was obtained from alunite sample X-10382 collected on a 
mine bench, approximately 30 m below the modern surface, 
in the Oxide Pit on the southern margin of the field,. The 
16.3 +0.5 Ma alunite sample X-10607 was taken from the 
topographically highest, and presumably oldest leached 
capping preserved at North Silver Bell (S.R. Titley, pers. 
com.). The third date of 4.8 +0.2 Ma from alunite sample 
X-10383, was collected from the mining bench some 7.5 m 
below sample X-10382 in the Oxide Pit, This limited set 
of results only indicates the time interval over which 
supergene leaching occurred and provides no proof of 
continuity, or evidence of interruption. 


San Xavier North, Arizona 


The San Xavier North deposit is located on the northern 
margin of the Pima-Mission mining district, some 2 km 
NNW of the Mission-Pima pit and 9.5 km NNW of the 
Twin Buttes pit. King (1982) has postulated that the three 
groups of deposits are part of the same original mineralised 
system which have been separated and displaced by the 
flat lying SanXavier Fault system during the Mid-Tertiary 
period of extensional tectonics. Movement on this fault is 
believed to have originated at around 28 Ma (Titley 1982b). 
The Twin Buttes deposit would represent the roots of the 
system, and San Xavier North the uppermost sections King 
(1982). 


Mineralisation at San Xavier North (Fig. 7) is present in: 
i) “oxide copper’ zones, ii) a supergene sulphide enrichment 
blanket and as hypogene sulphides, All are contained within 
folded Cretaceous clastic sediments, predominantly gritty 
fine to medium grained arkosic sandstones intimately 
interbedded with arkosic siltstones and mudstones and 
occasional pebbly conglomerates. These sediments are 
intruded by a number of quartz monzonite porphyry dykes 
and a single larger mass of porphyry to the south of the pit, 
some of which have associated intrusive breccias. These 
dykes are assumed to be of the same age as the 56.7 Ma 
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mineralised intrusions at Mision-Pima. Mineralisation is 
contained within both the sediments and intrusives, 
occurring as disseminated and fracture coatings of 
chalcopyrite, pyrite, molybdenite, bornite, sphalente and 
galena in decreasing order of abundance. Hypogene 
mineralisation is zoned around a central ore zone of 
approximately 0.5% Cu occurring in a low total sulphide 
(1 to 3% sulphide) with a pyrite to chalcopyrite ratio from 
1:1 to 1:3, This is surrounded by a pyrite shell with 2 to 
4% total sulphide and a pyrite:chalcopyrite ratio of between 
10:1 and 3:1. 


The depth of weathering in the district has been shown to 
total around 60 m. Prior to mining, supergene 
mineralisation occurred as a leached capping with two oxide 
zones of differing character and an economically significant 
supergene sulphide enrichment blanket. The leached 
capping, 60 m of which is estimated to have been eroded, 
only displays minor limonite which is concentrated on the 
fractures, but has a high frequency of jarosite. The upper 
of the oxide zones occurs within the leached capping, and 
represents a stranded chalcocite zone which has been 
completely oxidised to chrysocolla in its upper sections, 
with lesser malachite, azurite, neotocite and melaconite, 
although copper carbonates increase with depth. A lower 
oxide zone is found immediately above the chalcocite 
blanket at the base of the leached capping, with a similar 
mineralogy as the upper zone, but with remnant supergene 
sulphides. The section of the supergene sulphide 
enrichment blanket containing significant chalcocite 
(i.e., 225% sulphide present as chalcocite) was only 
developed where the original hypogene mineralisation was 
exposed to weathering and erosion and is laterally no more 
extensive than the primary mineralistion immediately 
below. The chalcocite blanket varies. from 3 to 30 m in 
thickness and covers an area of around 500 x 400 m (King 
1982; Titley 1982). 


Apart from the occurrence of two small outerops at the 
time of discovery, the entire deposit is concealed by a thin 
sheet («30 m thick) of Quaternary alluvium. Two stages 
of supergene enrichment are suggested by the presence of 
the lower chalcocite enrichment zone, and the oxidised 
hanging blanket now represented by the upper oxide zone. 
The upper oxide zone has been cut by the erosional surface, 
while the top of the lower chalcocite blanket appears to 
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Figure 7: Geological cross section of the San Xavier North copper deposit, Arizona. After King, (1982). 
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have been partially truncated at the base of Quaternary 
alluvium. On the basis of geomorphic evidence, enrichment 
is believed to be quite recent. Two dates, a Late-Miocene 
(6.97 +0.37 Ma - sample UAKA 92-65) and early Pliocene 
(4.54 +0.14 Ma - sample UAKA 92-64) have been 
determined from samples collected on a mining bench in 
the open pit. Both samples are hand picked material from 
the same sample of arkose. Sample UAKA 92-65 is from 
a 10 mm thick jarosite vein with well developed cubic 
moulds (presumed to be after pyrite — see Blanchard, 1968) 
which cuts the arkose. Sample UAKA 92-64 was selected 
from a | mm monomineralic vein of cream coloured alunite 
which cuts both the arkose and the jarosite vein. The field 
identification and purity of both the jarosite and alunite 
were checked by X-ray diffraction analysis. The 
paragenesis of the sample, i.e., alunite after jarosite, is 
consistent with the predictions of Bladh (1982), and there 
is no reason to suspect a loss of radiogenic argon from the 
jarosite as suspected at La Escondida, Chile and reported 
by Alpers and Brimhall (1988). The Late-Miocene and 
early Pliocene dates are consistent with the conclusion, 
based on geomorphology and geological relations, that there 
has been recent enrichment. 


Red Mountain, Arizona 


Red Mountain (Fig. 8) comprises i) hypogene porphyry 
copper mineralisation at depths of more than 1000 m 
beneath surface, associated with a concealed quartz- 
monzonite intrusive complex of unknown size and extent, 
ii) hypogene enargite rich mineralisation occurring near 
surface, associated with pyritic phyllic and argillic alteration 
zones within the volcanic lithocap above the porphyry; and 
iii) a supergene profile and multiple chalcocite rich sulphide 
enrichment blankets within the near surface zone of pyrite- 
rich phyllic alteration (Corn, 1975; Titley, et al., 1989). 


The overall alteration/mineralisation system is believed to 
be centred on a caldera subsidence structure which was 
associated with explosive volcanism and sub-volcanic 
intrusive activity. The blind, possibly Paleocene age, 
intrusive breccias and monzonite to quartz-monzonite 
intrusions which form the core of the hydrothermal system, 
occur as irregular bodies, sills and dykes and are only known 
from deep drilling. These intrusions penetrate a strongly 
fractured volcanic lithocap which has been subjected to 
acid-sulphate and advanced argillic alteration of a dacite 
to rhyodacite to rhyolite tuff volcanic succession which 15 
up to 500 m thick, overlying thick andesites and lower still, 
conglomerates. The underlying andesites are considered 
to be Late-Cretaceous to LowerTertiary in age and comprise 
an upper 500 m of andesites and trachy-andesites, underlain 
by a further 500 m of interlayered andesite, felsite and 
banded hornfels (Titley, ef al., 1989). 


According to Corn (1975), both the mineralisation and 
alteration at Red Mountain exhibit concentric zoning 
patterns related to the concealed quartz monzonite porphyry 
intrusions. Surface exposures reflect a zonal pattern, 
centred on an area of phyllic alteration and Cu-Mo 
mineralisation that is surrounded successively by pyritic- 
argillic alteration and propylitic andesites. The effects of 
hydrothermal alteration are evident over an area with a 


diameter of 11 to 13 km. Vertical zoning in alteration 
mineralogy appears to be related to a gradual increase in 
sulphur and decrease in copper content from the 
chalcopyrite rich, low sulphur K-silicate alteration 
(orthoclase-biotite-anhydrite) at depth, through weak 
K-silicate alteration to sulphur rich phyllic and advanced 
argillic assemblages (silica flooded, alunite-pyrophyllite- 
pyrite bearing rocks) near the surface. Although not of ore 
grade, the near surface enargite mineralisation was a source 
of copper for the high level chalcocite blanket (Corn, 1975; 
Titley, ef al, 1989). Further details of alteration in the 
upper lithocap may be found in Bodnar and Beane (1980). 


There are at least four, and possibly six, hematite rich 
horizons in the leached capping at Red Mountain 
(S.R.Titley, pers. com.). Each is the remnant of a chalcocite 
blanket subsequently destroyed by re-weathering 
(Anderson, 1982; Blanchard, 1968). The details of how 
uplift, climate change and basin integration have interacted 
during the cycles of supergene activity are not known. A 
supergene alunite from the uppermost (and presumably 
oldest) layer of hematite leached capping yielded an 
Oligocene (25.3 +0.7 Ma) date. This sample was collected 
from a 3 mm wide, monomineralic veinlet that crosscuts 
quartz-sericite-limonite veinlets containing iron oxides that 
were clearly moulds after pyrite. It was concluded that the 
alunite was supergene on the basis of this field evidence 
alone. Deposits of iron oxide and silica-cemented 
conglomerate are present along drainages through the 
pediment on the western side of Red Mountain. The 
ferricrete is probably the result of Pliocene or Holocene 
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Figure 8: Geological sketch cross section of the Red Mountain 
copper deposit, Arizona. This figure is bascd on 
information from diaprams in Titlcy (1989), Corn (1975) and 
others cited in those references, 
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supergene activity, but this superposition cannot be proven 
from the present body of evidence, 


San Manuel, Arizona 


The San Manuel and Kalamazoo porphyry copper deposits 
(Fig. 9) are two parts of the same original orebody which 
have been tilted and offset by the low angle, west dipping, 
extensional San Manuel Fault They lie in the footwall 
and hangingwall of that fault respectively. The orebodies 
are mainly hosted by Late Cretaceous monzonite 
porphyries, Mesoproterozoic quartz monzonite and minor 
Proterozoic diabase (dolerite) (Sandbak and Alexander 
1995), Only a thin chalcocite enrichment blanket is found 
in the upper palaeosurface above the Kalamazoo deposit 
in the upper plate, while San Manuel, below the fault, 
contains evidence of multiple stages of enrichment and 
oxidation which may be correlated with erosional intervals 
in the Cenozoic stratigraphy of the district (Heindl, 1963; 
Creasey. 1967). 


The hypogene ore deposits are related to Laramide age 
(67 to 69 Ma) monzonite (or granodiorite) porphyry 
intrusions which have been strongly altered over a radius 
of 1.5 to 2km around the orebodies. These porphyries 
cut: i) the more extensive, pre-mineralisation coarse, 
porphyritic quartz monzonites to monzogranites of the 
Mesoproterozoic (1440+20 Ma) Oracle Granite batholith; 
and ii) lesser pre-ore diabase (dolerite), believed to be 
comparable in age to similar Mesoproterozoic intrusions 
at the Ray Mine (Sandbak and Alexander, 1995; Thomas, 
1966; Lowell, 1968). 
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Post ore lithologies include: i) weakly mineralised and 
altered igneous breccias formed near the host monzonite- 
granodiorite contact and composed of altered clasts of the 
host intrusives; ii) dacite porphyry, believed to be a late 
Laramide intrusion, similar in composition and of similar 
age to the monzonite porphyry host, but darker in colour 
and unaltered; iii) andesite to andesite porphyry, believed 
to be Mid-Tertiary in age, occurring as sills and dykes 
cutting al! of the previously described rocks; iv) the 
Cloudburst Formation, comprising up to 1750 m of 
sediments and volcanics, commencing with a 1200 to 
1500 m thick lower unit of interlayered andesite to latite 
flows, flow breccias, tuffs and conglomerates, with related 
stocks; and an upper fanglomerate sequence composed 
predominantly of conglomerate with a muddy arkosic 
matrix and felsic porphyry (Laramide and Proterozoic) 
clasts; this unit is believed to have been deposited between 
28 and 22.5 Ma; v) rhyolite as dykes and pods cutting the 
host sequence, expanding to become an extrusive ashflow 
tuff near the top of the Cloudburst Formation; vi) the San 
Manuel Formation, which is at least 22 m.y. old, rests 
disconformably on the Cloudburst Formation, and 
comprises red to grey conglomerates with large boulders 
of various intrusive rock types; it dips at 30 to 40°NE and 
is at least 300 m thick; vii) the Quiburis Formation, 
occurring in the San Manuel area as a Mid-Miocene to 
Pliocene gravel that dips gently to the NE (Sandbak and 
Alexander 1995). 


Alteration and mineralisation are centred on the Laramide 
monzonite-granodiorite porphyry intrusive rocks, 
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Figure 9: Geological cross sections illustrating the distribution of both h ypogene and supergene copper mineralisation at San 
Manuel and Kalamazoo, Arizona. The upper section, showing the geology and hypogene mineralisation at both deposits, is based on 


information from a diagram in Sandbak and Alexander (1995), and others cited therein. The lower section is a sketch map of the distribution 
of supergene mincralisation prior to mining and is reproduced from a figure in Schwartz (1949). 
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comprising a core of potassic alteration, composed of 
K feldspar and biotite, surrounded by a 300 to 450 m wide 
phyllic zone of quartz-sericite alteration with over 
10% sulphide, dominantly pyrite. The outer limits of the 
hydrothermal alteration/mineralisation system are defined 
by a propylitic halo characterised by chlorite epidote, calcite 
and anhydrite. The deposit has a barren core within the 
potassic zone with <0.3% Cu. This is surrounded by a 
30 to 300 m wide ore shell developed in the potassic 
alteration zone, outward from the barren core, and adjacent 
to the contact with the surrounding phyllic alteration zone. 
Mineralisation in the ore shell is composed of fine 
disseminations and microveinlets of chalcopyrite, pyrite, 
molybdenite and minor bornite, totalling less than 
2% sulphides, with a pyrite:chalcopyrite ratio of 2:3 
(Sandbak and Alexander 1995). 


The supergene zones of oxidation and enrichment at San 
Manuel bear no relation to the pre-mining topography or 
water table. They are faulted, tilted and faulted again. The 
effects of oxidation are seen to depths of over 400 m at the 
western end of the deposit, but only to around 3 m in the 
east. The first episode of supergene enrichment occurred 
in the Late-Eocene to earliest Oligocene, prior to the 
deposition of the Oligocene Cloudburst Formation. 
Supergene alteration changed from chrysocolla-rich to 
chalcocite-dominant during the first cycle as progressively 
more pyritic protore was exposed by contemporaneous 
tilting (Schwartz 1949). The inset on the lower right of 
Fig. 9, redrawn from Schwartz (1949), shows how the 
secondary sulphide zone pinches out between the overlying 
oxide and underlying hypogene sulphides, presumably as 
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Figure 10: Generalised geological map of the Globe-Miami 
Mining District, Arizona, showing the main copper 
deposit. This figure is based on diagrams in Titlcy (1989), 
Wilkins and Heidrick (1995), Creascy (1980) and others 
cited in those references. 


a result of tilting relative to the water table. The first cycle 
of supergene activity was terminated by burial beneath the 
Cloudburst Formation. A second episode commenced after 
tilting and erosion of the Cloudburst Formation and prior 
to the deposition of the San Manuel Formation (sometimes 
correlated with the Gila Conglomerate). This second stage 
is characterised by widespread oxidation of first stage 
chalcocite to chrysocolla during Miocene time and is 
interpreted to correlate with either the erosion surface 
between the Cloudburst and San Manuel Formations, or 
following the latter. Both supergene oxide and sulphide 
assemblages are largely absent at Kalamazoo. However, a 
thin blanket of chalcocite, with no evidence of Miocene 
oxidation, is found on the eastern end of the orebody below 
the Cloudburst Formation, where it has been tilted to an 
almost vertical orientation. This implies that the Kalamazoo 
orebody was offset from the San Manuel deposit before 
the second stage of supergene alteration at San Manuel. 


Inspiration, Arizona 


Inspiration is one of a cluster of at least fifteen separate 
copper deposits in the Globe-Miami district associated with 
an assortment of phases of the Laramide age Schultze 
Granite (Fig. 10). The district contains igneous, 
metamorphic and sedimentary rocks of Proterozoic, 
Palaeozoic, Tertiary and Quatemary age. The oldest are 
the Palaeoproterozoic pelitic and amphibolitic schists of 
the Pinal Schist, which are intruded by a series of 
Palaeoproterozoic and Mesoproterozoic granodiorite, 
diorite and granite bodies ranging in age from >1600 to 
1400 Ma. All were eroded and overlain by the platformal 
conglomerates, quartzites, shales and carbonates of the 
Mesoproterozoic Apache Group and the succeeding Troy 
Quartzite. These were intruded by 1100 Ma dykes and 
sills of diabase (dolerite) and gabbro. Following a long 
break, Devonian and Carboniferous carbonates were 
deposited. During early Tertiary time, a large, composite 
quartz monzonite pluton, the Schultze Granite, was intruded 
over an area of several tens of square kilometres. All of 
the porphyry copper mineralisation at Globe-Miami is 
associated with this intrusive phase, although the age of 
individual deposits across the district spans a 5 m.y. period 
from 63.3 +0.5 Ma at Copper Cities, to 59.5 +0.3 Ma at 
Inspiration, and 59.1 40.5 Ma at Pinto Valley. Following 
uplift, erosion and exposure of the mineralisation, the 
Oligocene Whitetail Conglomerate was deposited in local 
basins, and was succeeded, after further deformation and 
erosion, by the Apache Leap Tuff, a thick sheet of Miocene 
ash-flow tuff. During the Basin and Range Event, coarse 
Pliocene conglomerates, gravels and fine grained lake 
deposits were laid down in local basins, followed by 
continued uplift, erosion and continental sedimentation 
(Creasy, 1980). 


According to Creasey (1980) the Globe Miami district 
comprises a central concentration of deposits (including 
Inspiration), surrounded by peripheral, more isolated 
porphyry occurrences (which included Pinto Valley as 
described below) and polymetallic vein deposits. In 
addition, these deposits are localised along two discrete, 
parallel, ENE trending corridors which are some 3 to 4 
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kilometres apart, but have been offset by later faulting, as 
illustrated on Fig. 10 (Creasey, 1980; Wilkins and Heidrick, 


1995). 


In the Inspiration mine area, the Schultze Granite has an 

overall granitic texture, but includes granodiorite, quartz 

monzonite and porphyritic quartz monzonite. It is intruded, 

across a gradational boundary, by a separate, younger, 

marginal phase known as the Granite Porphyry, which was 
emplaced along its east-west trending contact with the Pinal 
Schists. The Granite Porphyry is the host to half of the 
hypogene mineralisation at Inspiration, with the remainder 
being within the enclosing main Schultze Granite and Pinal 
Schist to the south and north respectively. The distribution 
of the original hypogene mineralisation was influenced by 
structure, with the higher grades occurring along the main 
faults. Overall, the hypogene ore was of a low tenor 
(generally «0.496 Cu), and was characterised by pyrite, 
chalcopyrite, molybdenite and lesser bornite, and followed 
the emplacement of the Granite Porphyry. It was 
accompanied by K feldspar alteration, occurring as intense 
orthoclase veining, and silicification, with a strong sericite 
alteration overprint, and was surrounded by a halo of 
propylitic alteration (Olmstead and Johnson 1966). 


The bulk of the ore mined at Inspiration was from the 
supergene sulphide enrichment blanket developed over the 
low grade hypogene mineralisation. The original orebody 
(Fig. 11) was distributed over a generally east-west trending 
zone some 2.5 km long and 750 m wide, following the 
underlying Granite Porphyry. Prior to mining, the remnant 
leached cap varied from 0 to 300 m in thickness. At the 
base of the leached capping there was a reasonably 
consistently developed oxide zone with a thickness 
averaging 60 m, developed from oxidation ofthe underlying 
supergene sulphides to form chrysocolla, malachite, azurite, 
minor "copper pitch", brochantite , atacamite, lindgrenite, 
liberthenite and very rare metatorbenite. The underlying 
supergene sulphide blanket varied from 60 to 150 m in 
thickness. The sulphide assemblage in the supergene zone 
was composed of chalcocite and covellite with remnant 
and partially replaced chalcopyrite, bornite and pyrite 
(Olmstead and Johnson, 1966). 


The main chalcocite enrichment blanket at Inspiration was 
offset by Mid-Miocene or younger faulting, allowing the 
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oxidation of sections of the chalcocite blanket to form the 

oxide zone described above (Anderson, 1989; Olmstead 

and Johnson, 1966). The sulphide enrichment must have 

therefore occurred during or before the Miocene, while the 

oxide zone developed sometime after the Mid-Miocene. A 
pale green alunite sample (X-10759), collected during a 
reconnaissance of the Live Oak Pit at Inspiration, yielded 
an early Oligocene K/Ar age of 32.9 10.9 Ma. The sample 
was taken from an irregular veinlet with a maximum 
thickness of 1 mm, cutting an exposure of Proterozoic 
granite. Chrysocolla was abundant in the same generation 
of veinlets. A mineral separate was prepared by hand 
picking and its purity checked by standard X-ray diffraction 
techniques. The K/Ar date places the beginning of 
supergene activity in the early Oligocene and appears to 
relate to the formation of the main enrichment blanket. 


Pinto Valley, Arizona 


The Pinto Valley porphyry copper deposit lies on the 
western periphery of the Globe-Miami district (see Fig. 10 
and the Inspiration description above for the district setting). 
The deposit is almost exclusively composed of hypogene 
ore and lies below the old Castle Dome supergene orebody. 
The ore is primarily hosted by the 1400 Ma Lost Gulch 
Quartz Monzonite and to a lesser extent by the two phase 
Laramide Schultz Granite. All of these intrusives cut the 
Paleoproterozoic Pinal Schists, an 1100 Ma diabase 
(dolerite) mass and Devonian carbonates within the pit. 
None of these latter lithologies have been significantly 
mineralised, although the carbonate has been extensively 
altered to skarn. The annular orebody, which plunges to 
the north at around 45?, surrounds a barren core 
characterised by a high density of un-mineralised quartz 
veining. The orebody comprises stockwork veinlet and 
disseminated sulphide mineralisation, mainly chalcopyrite, 
associated with biotite rich potassic alteration, which are 
overprinted by pyritic veins with associated phyllic selvages 
(G. Lenze, Pers. Comm.). Hypogene mineralisation has 
been dated at 59.1 £0.5 Ma (Creasy, 1980). 


The Pinto Valley deposit is located in a horst, bounded to 
the west and east by outward dipping normal faults 
(Fig. 10). The uplift of the horst is believed to have kept 
pace with chemical weathering, although the age of that 
weathering is not well constrained by field evidence. 
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Figure 11: Geological long section through of the Miami-Inspiration supergene copper deposits, Arizona. This section is based on 
information from Wilkins and Heidrick (1995) and others cited in this reference. 
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Petersen (1962) reported that the top of the supergene 
mineralisation conformed closely to the pre-mine 
topography. Immediately to the west of Pinto Valley, in 
the Cactus-Carlotta copper deposit, there is evidence of at 
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Figure 12: Diagrammatic cross sections illustrating the history 
of emplacement and supergene enrichment at Bisbee, 
Arizona. The hydrothermal hypogene porphyry copper 
mineralisation, and associated carbonate replacement deposits, formed 
during the Jurassic, with cooling finishing at around 163 Ma. The 
district was buricd in latest Jurassic to carliest Cretaccous time by 
thc Glance Conglomerate, the base of which contains clasts of Icached 
capping and chalcocite mineralisation. This is evidence of at Icast 
one stage of supergenc oxidation and enrichment during the Jurassic. 
Oxidation prior to the deposition of the Glance Conglomerate reached 
as deep as 900 m into the bedrock. Laramide uplift and subsequent 
erosion initiated renewed supergene activity which resulted in an 
overprinting, now dominant Miocene stage of enrichment. 


least two cycles of weathering and enrichment. ‘The Cactus- 
Carlotta deposit is hosted by a breccia which is believed to 
be the product of a large landslide of Pinal Schist containing 
partially oxidised veinlets and disseminations of pyrite from 
the upper parts of the Pinto Valley mineralised system. The 
copper at Cactus-Carlotta is thought to have been introduced 
by supergene solutions derived from weathering of the Pinto 
Valley sulphide mineralisation, which percolated through 
the breccia and precipitated as chalcocite partially replacing 
the original pyrite within the breccia. These supergene 
sulphides were subsequently oxidised to chrysocolla and 
“copper-wad' (G. Lenze, Pers. Comm.). The Cactus- 
Carlotta mineralisation is overlain by the Early-Miocene 
(ca. 17 to 20 Ma) Apache Leap Tuff. Some copper 
mineralisation is found in the base of the Apache Leap Tuff, 
indicating that at least some of the supergene mineralisation 
is Late Miocene. 


Sample UAKA 92-57 of sub-micron illite from the leached 
cap on the eastern perimeter of the Pinto Valley pit yielded 
a Late-Oligocene date of 26.4 +0.6 Ma. The sample was 
separated from the Proterozoic granodiorite porphyry host 
and is subject to the uncertainties discussed in the 
‘Introduction’ section. The date is included here because 
it is possibly a record of sulphide oxidation that preceded 
the Cactus-Carlotta landslide. The geomorphic evidence 
presented above however, indicates that the chalcocite 
enrichment was much younger than Late-Oligocene. 


Bisbee, Arizona 


The Late-Jurassic Bisbee porphyry copper deposits are the 
oldest in the region, and consequently have the longest 
history of weathering and supergene enrichment. A large 
Jurassic granitoid body, the Juniper Flat Granite, and 
associated dykes intrude Proterozoic and Palaeozoic rocks 
in the Mule Mountains north of the township of Bisbee in 
the Warren district. The intruded succession includes pelitic 
quartz-sericite schists of the Late-Palaeoproterozoic Pinal 
Schist unit and Palaeozoic sediments including the 
Cambrian Bolsa Quartzite, which grades upwards into the 
240 m thick Cambrian Abrigo Limestone. These are 
unconformably overlain by the up to 115 m thick Upper 
Devonian Martin Limestone, the 200 to 250 m thick Early- 
Carboniferous Escabrosa Limestone and then a sequence 
comprising 300 m of Late Carboniferous Horquilla 
Limestone, the 140 m thickness of lower clastics and upper 
limestones to dolomites of the Permo-Carboniferous Earp 
Formation, and the 80 m thick Permian Colina Limestone. 
No other pre Jurassic rocks appear to have been deposited 
in the Warren district (Bryant and Metz, 1966; Riggs et al., 
1994). 


The Juniper Flat Granite, which has been dated at 178 to 
163 Ma by K/Ar methods, forms a northwest trending 
elongated stock in the Mule Mountains. It grades 
downwards, from a fine to medium-grained phase, 
quenched by Pinal Schist roof rocks, through a porphyritic 
phase and into a lower, coarse-grained, equigranular granite. 
An associated, temporarily indistinguishable, highly altered 
and mineralised intrusive complex, the Sacramento Stock, 
occurs as an approximately 1.5 km diameter body, about 
which the known orebodies are peripherally distributed. 
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The Sacramento Stock complex comprises: 1) an intensely 
silicified and pyritic quartz porphyry at the centre of the 
complex, possibly the oldest phase; ii) a breccia composed 
of an intensely silicified mixture of schist, quartzite, 
limestone and quartz porphyry fragments, possibly formed 
during the emplacement of the quartz porphyry, designated 
an ‘intrusion breccia’; iii) a sericitised, slightly pyritic, 
feldspar-quartz porphyry in the eastern section of the stock; 
iv) a heterogenous breccia of rounded fragments of schist, 
quartzite, limestone, both porphyries and low grade 
siliceous sulphides, designated an ‘intrusive breccia’ 
(Bryant and Metz, 1966; Riggs et al., 1994 and references 
quoted therein). 


The Juniper Flat Granite and the Sacramento Stock are 
discordantly overlain by up to 1500 m of Lower Cretaceous 
Bisbee Group clastic rocks. The lowest unit of this group, 
the Glance Conglomerate, is composed of imperfectly 
rounded pebbles to boulders derived from pre-Cretaceous 
rocks of the Warren district, set in a reddish, fine grained 
matrix, and deposited on a high relief surface which varied 
with the basement lithologies. This unit was overlain by 
the 550 m thick Morita Formation shale and sandstone, in 
tum succeeded by the 200 m thick Mural Limestone. The 
top of the Bisbee Group is marked by the 550 m thick 
Cintura Formation shale and sandstone. The Cretaceous 
sequence is overlain by Quaternary and Recent fluviatile 
deposits. 


A major WNW trending normal fault, the Dividend Fault, 
with south-side down movement, cuts through the ore zone, 
displacing the northern margin of the Sacramento Stock. 
All of the ore is found on the southern side of this fault. 
This structure ts also believed to have controlled the 
emplacement of the Sacramento Stock. Three styles of 
mineralisation have been recognised, namely: 1) weak, 
hypogene porphyry style copper mineralisation within the 
Sacramento Stock; i1) supergene sulphide enrichment ore 
developed over the Sacramento Stock; and iit) carbonate 
replacement ores mainly within a stratigraphic thickness 
of 300 m of the upper Abrigo, Martin and lower Escabrosa 
limestones, forming irregular bodies radiating outwards 
from the margins of the Sacramento Stock, south of the 
Dividend Fault. 


The porphyry style mineralisation is best developed within 
the ‘intrusion breccia’, occurring as irregular lenses of very 
rich chalcopyrite and bornite, grading outwards into 
disseminated ore, and in adjacent sections of the feldspar 
quartz porphyry where disseminated mineralisation is 
developed. The ‘intrusive breccia’ has only poor hypogene 
sulphides, while the strongly (15 to 18%) pyritic quartz 
porphyry tn the core of the stock contains very little primary 
copper, The distribution of ore in all of the phases of the 
Sacramento Stock is erratic. The supergene sulphide 
enrichment blanket was 15 to 120 m thick and dipped to 
the east. It had an erratic upper surface and occurred as 
sooty chalcocite and local covellite, developed on 
disseminated and fracture controlled chalcopyrite and 
bornite, and on sphalerite grains within the ‘intrusive 
breccia’. The carbonate replacement ores occurred as 
generally irregular, cylindrical shaped bodies of from a few 


thousand to exceptionally more than a million tonnes, 
developed within the more brittle and intensely fractured 
facies of the host limestones. The copper ore of these 
carbonate replacement bodies was ‘underlain’ by low grade, 
intensely silicified and pyritised carbonates and was 
generally associated with either porphyry dykes and sills, 
or the contact of the stock adjacent to porphyry style 
mineralisation. They were also associated with ‘intrusive 
breccias’ within the limestones. Near surface, the carbonate 
replacement ores were weathered to form oxide orebodies 
of malachite, azurite, delafossite, cuprite, native copper and 
chalcocite which sustained early production within the 
Warren distict. No supergene sulphide enrichment is 
recorded in the reactive carbonate hosted ores (Bryant and 
Metz, 1966). 


The depth of oxidation in the district is highly variable and 
bears no discernable relationship to the current topography 
or water table, but correlates closely with the base of the 
Glance Conglomerate. Clasts of gossan and chalcocite 
mineralisation are found in the basal sections of the Early- 
Cretaceous Glance Conglomerate, indicating that the main 
period of supergene activity in the replacement and the 
porphyry deposits took place between the Mid Jurassic and 
Early-Cretaceous (Bonillas, et al., 1916). Oxidation had 
extended to depths of as much as 500 m into the bedrock 
by the Early-Cretaceous. Movement on the Dividend Fault 
during deposition ofthe Glance Conglomerate was at least 
1000 m (Emmons, 1917), preserving the products of pre- 
Cretaceous supergene activity from later erosion. 
Subsequent Cenozoic erosion and rejuvenation of the 
Dividend Fault resulted in renewed supergene oxidation 
(Fig. 12). The chalcocite ores mined from the Lavender 
Pit in the Sacramento Stock are known to have extended 
north across the Dividend Fault. Detailed geological cross 
sections incorporating data from extensive exploration 
drilling conducted during the early 1990s show no apparent 
offset of the top ofthe supergene sulphide enrichment zone 
northward across the fault zone (Fig. 13), where it conforms 
closely with the modern topography, overlain by a thin 
hematite leached capping. These data indicate a very recent 
episode of supergene activity at Bisbee. 
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Figure 13: Geological cross section through of the Lavender 
Pit at Bisbee, Arizona. Chalcocite mincralisation north and south 
of the Lavender Fault (centre of the section) shows no offsct across 
the structure. Alunite from the northern part of the blanket has a 
K/Ar age of 9 Ma, cvidence that the chaleocite minced in the 
Lavender-Sacramento open pit reached its final form during the 
late Miocene, after the latest movement on the Dividend Fault. 
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A jarosite and an alunite sample collected from hematite 
leached capping north of the Dividend Fault yielded 
Pliocene (3.5 £0.33 Ma) and Late-Miocene (9.08 +0.22 Ma) 
ages respectively. The younger sample (UAKA 92-48) was 
jarosite with a well developed cubic boxwork texture (after 
pyrite) from a brecciated quartz vein cutting silicified 
granite porphyry. The sample was taken from a small test 
pit approximately 7.5 m below the original surface. The 
field identification and purity of the sample were verified 
by X-ray diffraction analysis. The older sample 
(UAKA 92-46) was alunite from a 10 to 15 mm wide, 
monomineralic veinlet cutting the Proterozoic granite 
porphyry exposed in aroad bed approximately 200 m north 
of the Lavender Pit. The sample was from around 0.3 m 
below the original surface. These two dates support the 
conclusion that supergene processes have been active within 
the modern landscape at Bisbee. 


Morenci, Arizona 


The Morenci mining district hosts the largest supergene 
sulphide enrichment deposit in southwestern U.S.A. (see 
Table 1), and one of the largest in the world (Melchiorre 
and Enders, 2003). 


The Morenci district is located at the transition from the 
Basin and Range physiographic province to the Colorado 
Plateau. The district is an intricately faulted plateau, 
covered by Cenozoic volcanic flows, that have been 
subsequently eroded. The geological setting comprises a 
basement of Proterozoic schist, quartzite, and felsic 
intrusives, unconformably overlain by 300 m of Palaeozoic 
quartzite, limestone and shale. These are succeeded by the 
remnants of a 250 m thick Cretaceous sequence of shale 
and sandstone, Laramide intrusives and then by Tertiary 
volcanic flows and intrusive pipes of basalt, andesite and 
rhyolite that encircle the district. Coarse, semi-consolidated 
Pliocene conglomerate is found in the south of the district 
(Moolick and Durek, 1966). 


Within the district, the oldest Precambrian rocks are steeply 
dipping pelitic schists and quartzite correlated with the 
Palaeoproterozoic Pinal Schist unit. These metamorphics 
are intruded by a Proterozoic granite-granodiorite complex, 
comprising: i) a reddish, coarse-grained orthoclase, albite, 
quartz and minor biotite granite with local dykes and 
porphyritic phases; ii) a coarse-grained, green, granodiorite 
containing oligoclase-andesine and biotite with orthoclase 
and quartz; and iii) a possibly younger, dark grey, gabbroic 
facies with hornblende and some labradorite. The 
Proterozoic basement rocks are unconformably overlain 
by a Palaeozoic sequence commencing with the 50 to 75 m 
thick Cambrian Coronado Quartzite and followed 
successively by the 259 m thick Ordovician Longfellow 
Limestone; basal limestone and overlying shale of the 50 
m thick Devonian Morenci Formation; and the 50 m thick 
Lower Carboniferous Modoc Limestone. Following a 
period of deformation and severe erosion, the Palaeozoic 
sequence is overlain above an angular unconformity by the 
Cretaceous Pinkard Formation which consists of shale and 
sandstone with a maximum known thickness of 250 m, now 
largely eroded (Moolick and Durek, 1966). 


No post Proterozoic intrusive activity is recorded in the 
Morenci district until the commencement of Laramide 
magmatism at the Cretaceous to Tertiary transition, when 
stocks, dykes and siils of mainly porphyritic rocks were 
emplaced to form a northeast elongated igneous complex 
with dimensions of some 15 x 1 to 6.5 km. The complex 
was introduced during the Early-Eocene in three phases 
between 56 to 55 Ma, commencing with diorite, and 
progressively evolving to quartz monzonite and then to 
granite, Diorite Porphyry is found in the southwestern part 
of the intrusive complex at Morenci, mainly intruding 
Cretaceous shales of the Pinkard Formation and containing 
large phenocrysts of hornblende and labradorite. Quartz 
Monzonite Porphyry is the principal ore related phase and 
the most extensive of the complex. It consists of small, 
closely packed phenocrysts of orthoclase, albite and 
oligociase in a microcrystalline groundmass of quartz and 
feldspar and is generally strongly altered to a light grey or 
white rock. Granite Porphyry represents several phases of 
emplacement with marked textural differences and intrusive 
contacts, and has been divided into an Older and Younger 
Granite Porphyry, While it is texturally similar to the Quartz 
Monzonite Porphyry, the younger phases of Granite 
Porphyry have more and larger quartz phenocrysts than 
the older varieties. All three also occur as dykes and sills, 
although the Diorite Porphyry 1s less frequently represented 
in this form. Diabase (dolerite) dykes, sills and small bosses 
are also present. 


Local breccia pipes and sheets with long axes of up to 750 m 
were formed to the north of the deposit, mainly within the 
Granite Porphyry, in the southern sections of the Quartz 
Monzonite Porphyry, and adjacent Proterozoic basement 
(Moolick and Durek, 1966; Melchiorre and Enders, 2003). 


Hypogene sulphide mineralisation at Morenci is associated 
with pervasive quartz-sericite-pyrite alteration of felsic host 
rocks, both Laramide porphyries and Proterozoic 
granodiorite. It carries an average of 0.1 to 0.28% Cu 
associated with 4 to 7 weight percent sulphides, principally 
pyrite (Melchiorre and Enders, 2003). Primary 
mineralisation is present as small veinlets and 
disseminations of pyrite, chalcopyrite, molybdenite, 
sphalerite, rare galena, gold and silver (Melchiorre and 
Enders, 2003). Fracture densities range from 0.1 to 1.0 cm’, 
averaging 0.13/cm? in the Northwest Extension area 
(Preece, 1989). 


Chalcopyrite is the only readily identifiable hypogene 
copper mineral. Molybdenite generally occurs as thin films 
on fractures devoid of other sulphides, but also occurs as 
thin streaks in small quartz veinlets. Zinc ts present at only 
slightly lesser concentration than copper in the hypogene 
mineralisation, although it is normally entirely replaced in 
the supergene enrichment zone. The intense supergene clay 
alteration throughout the ore zone has obliterated the 
hypogene alteration, rendering it difficult to identify. 
(Melchiorre and Enders, 2003). 


To the east of, and below the Morenci pit, drilling has 
encountered zones with a higher hypogene 
chalcopyrite:pyrite ratio which underlie the supergene 
sulphide enriched blanket at depth, and are surrounded 
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laterally and above by a pytitic envelope. This chalcopyrite 
rich zone is interpreted to represent the centre of hypogene 
mineralisation. On the southern margin of the Laramide 
intrusive complex, mineralisation persists for almost 
500 m into the Palaeozoic sediments where veins and 
replacement ore were developed. Oxidised veins and 
replacement mineralisation in this area were the principal 
source of ore in the early days of the district (Moolick and 
Durek, 1966). 


The supergene enriched zone in the Morenci district covers 
an area approximately 7.5 km in a north-south direction 
and up to 4.5 km in width, divided into a number contiguous 
deposit area, including Morenci, Metcalf, Northwest 
Extension, Southside, Coronado and the Garfield Area in 
the north (Melchiorre and Enders, 2003). 


The supergene profile at Morenci comprises a limonitic 
leached capping that overlies an enriched blanket containing 
high grade chalcocite tcovellite which has a three fold 
average enrichment of copper grades compared to the 
original hypogene mineralisation. The development of this 
profile began after deposition of the hypogene 
mineralisation at 56 to 55 Ma and continued through a 
number of progressive enrichment cycles as described 
below. Each involved uplift, erosion oxidation and leaching 
to further upgrade the succeeding supergene sulphide 
blanket. Where a subsequent supergene cycle encountered 
a blankets containing high grade chalcocite +covellite 
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mineralisation which had a low pyrite:chalcocite ratio 
(<2:1), the blanket was oxidised in situ to form an 
assemblage of brochantite, malachite, azurite, chrysocolla 
and other copper “oxides” as occurred in the Northwest 
Extension deposit (Melchiorre and Enders, 2003). 


Lindgren (1905) described the supergene profile prior to 
significant exploitation. He reported that three district wide 
mineral zones could be recognised in the Morenci and 
Metcalf sections of the district, These were the 1) surface, 
ii) chalcocite and iii) pyritic zones (now referred to as the 
leached capping, the zone of strong supergene enrichment 
and the zone of moderate to weak enrichment, respectively). 
The pyritic zone started at 60 to 180 m below the surface, 
and was not of economic interest in 1905 as it contained 
<1% Cu, although it carried chalcocite and other supergene 
copper minerals. The chalcocite zone, which was 30 to 
120 m thick, yielded the richest ore, principally composed 
of chalcocite replacement of pyrite. In 1905, lean ore 
averaged between 2.0 and 2.5% Cu and regular ore was 
>2.5% Cu. Moolick and Durek (1966) noted that the 
supergene chalcocite ore zone with >1% Cu varied from 
15 to 300 m in thickness. Lindgren (1905) reported that in 
places the chalcocite ore was almost at surface, while 
elsewhere hills of the oxidised surface zone (leached 
capping) rose to 60 to 90 m above the chalcocite blanket. 
This indicates that at some stage erosion has outpaced 
enrichment. 
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Figure 14: Geological sketch map and simplified cross section of the Morenci district, Arizona, The main chalcocite blanket in the 
Morenci district (known as the ‘Clay Orebody”) was located in a graben between two NNW trending normal faults, the Copper Mountain 
and Cliff faults. The graben is embedded in a larger horst, the southeast bounding fault of which is located on the bottom left of the plan. 
The district is surrounded on thc margins of thc plan arca by Mid-Tertiary lavas and volcanic rocks, and Pliocene gravcls (not shown). The 
cross section has a vertical exaggeration of 2 x the horizontal scale and is modificd after Langton (1971). The ‘Clay Orebody’ enrichment 
blanket between the Copper Mountain and Cliff faults is more mature than the discontinuous mineralisation to the cast of the Cliff fauit, 
which was uplifted and partially oxidised, resulting in a new blanket being deposited at a lower level. During this same period, cnrichment 
continued in the graben to produce a mature, higher grade chalcocite blanket. 
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The surface zone, as documented by Lindgren (1905), 
contained both gossans and deposits of chrysocolla, azurite, 
brochantite and malachite. Brochantite was formed from 
oxidation of chalcocite while malachite replaced brochantite 
(Lindgren, 1915). The best example of this is the 205 Mt 
@ 0.43% Cu Northwest Extension deposit to the north of 
the main Morenci pit, as described by Melchiorre and 
Enders, (2003). The Northwest Extension comprises an 
oxide zone (averaging 0.43% Cu) that is 250 m thick, 
bounded both above and below by low grade (0.08% Cu) 
leached capping. The lower zone of leached capping 
separates the oxide ore from a relatively thin, 14 to 45 m 
thick, high grade (0.68% Cu) enriched sulphide blanket 
and underlying hypogene (0.20% Cu) sulphide 
mineralisation (Melchiorre and Enders, 2003). 
Consequently, at some stage the current leached capping 
zone must have contained chalcocite, the product of an 
earlier phase of supergene enrichment, providing evidence 
of multiple stages of supergene activity. 


The chalcocite ore within the main Morenci pit dips to the 
east at approximately 10? towards the composite NNW 
trending Cliff-Kingbolt Fault zone (Fig. 14) which 
corresponds to the eastern boundary of the main supergene 
ore. Movement on the Kingbolt Fault ts mostly Laramide, 
although the latest movement on the Cliff Fault is no older 
than Miocene. A second major NNW trending structure, 
the Copper Mountain Fault, cuts across the Morenci pit 
and contains crushed chalcocite and chalcocite coated pyrite 
fragments within the fault zone. To the east of the Copper 
Mountain Fault the preserved leached capping is thin 
{averaging 15 m), but the enrichment blanket 1s thick 
(averaging 250 m). West of this same fault, the leached 
capping is approximately 250 m thick and the supergene 
sulphide zone if only 15 m thick. This difference is 
interpreted to indicate “stair-step” enrichment, where an 
already existing sulphide enrichment blanket in the western 
block was uplifted, leached during a subsequent episode 
of supergene activity with the copper migrating laterally 
into the eastern block. This is further evidence of multiple 
stages of supergene activity. 


The Metcalf area to the northeast of Morenct, is 
characterised by a significant overlap between leached and 
enriched material and less thorough leaching than at 
Morenci, with many pockets of partially leached hypogene 
sulphides. Metcalf had lower grade hypogene 
mineralisation, but a higher pyrite content (3 to 5%). The 
host rocks typically contained more abundant biotite and 
were more reactive to supergene solutions than those at 
Morenci. Covellite, indicative of immature ennchment 1s 
also more abundant at Metcalf. Langton (1973) concluded 
that the difference lay in the overlapping of two stages of 
enrichment at Morenci to produce a higher grade and more 
mature blanket, while at Metcalf the two stages were 
separated, less mature, but developed over a thicker profile. 
Langton (1973) believed that the Metcalf deposits were 
upthrown by more than 350 m across the Cliff Fault during 
the Basin and Range Event, stranding the mineralisation 
above the water table, halting their enrichment, but 
subjecting them to further oxidation and the development 
of a separate, lower zone of enrichment. Alunite dates, 


discussed below support this conclusion. Moolick and 
Durek (1966) described oxide ore in contact with overlying 
basalts which are presumed to have been Miocene in age, 
although this exposure has since been removed by mining 
and the age of the basalt was not determined or recorded. 
Based on this observation and other evidence, Langton 
(1973) inferred there had been two episodes of supergene 
activity, one pre-volcanic, the other post-volcanic. 


Two alunite samples were collected to the north of the 
Morenci pit. Sample UAKA 92-05 was from the hematite 
capping above the Morenci chalcocite blanket in the 
Northwest Extension area and comprised a pale green 
alunite taken from thin 3-4 mm, monomineralic veinlets 
cutting oxidised hypogene veinlets, hosted by the Laramide 
Older Granite Porphyry, in a road cut on Hennesey Hill. It 
came from about 2 m below the modern surface and yielded 
an age of 7.19 +0.27 Ma. The second sample, 
UAKA 92-21 was from a mining bench in the Metcalf 
deposit, east of the Cliff Fault, 2.5 km east of Hennesey 
Hill and was within 25 m of the modern surface. This 
sample gave an age of 9.88 £0.26 Ma. These results support 
the conclusion of Langton (1973) that supergene leaching 
and enrichment persisted longer at Morenci than at Metcalf. 


Melchiorre and Enders, (2003) state that, based on work 
reported in Enders (2000) and others quoted therein, the 
first stage of supergene enrichment commenced after the 
emplacement of hypogene mineralisation in the Early- 
Eocene (56 to 55 Ma) and ended with the deposition of 
Mid-Tertiary volcanic cover during the Oligocene. 
Supergene activity resumed after 20 Ma and peaked when 
‘basin and range’ uplift re-exposed the deposit. K/Ar dating 
(samples UAKA 92-05 and UAKA 92-21 described above) 
provides evidence of Late Miocene oxidation and supergene 
enrichment. The chalcocite deposits mined at Morenci 
probably formed during this period. The age of formation 
of the Palaeo-enrichment blanket which was weathered to 
produce the modem leached capping is inferred to have 
been pre-Oligocene. 


Tyrone, New Mexico 


Tyrone is a supergene sulphide enrichment blanket deposit 
developed over a low grade hypogene porphyry copper 
system, which has been preserved in a graben. Copper 
mineralisation is associated with slightly younger 
porphyritic phases of the 56.2 Ma Tyrone Stock. The 
hypogene mineralisation and alteration have been dated as 
Early-Eocene (56 to 53 Ma). Drilling shows that the Tyrone 
Stock actually comprises a series of porphyry dykes and 
laccolith like apophyses which intrude Proterozoic granites 
and to a lesser extent Cretaceous andesitic rocks that are 
found along the northeastern margin of the deposit. The 
deposit is represented at surface by heavily iron stained 
leached capping outcrops, although the northern section is 
covered by Miocene sediments and Pliocene alluvium. 
Palaeozoic rocks are absent from the district (duHamel 
et al., 1995). 


The Proterozoic is represented by: i) the Burri Mountain 
Granodiorite, an older, coarse grained granitoid with 10 to 
20% books of biotite or chlorite; 11) the Jack s Peak Quartz 
Monzonite, a younger, medium grained, locally foliated 
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quartz monzonite intrusive; and iii) diabase (dolerite) 
occurring as dismembered dykes striking east-west and 
cutting both granitoids; these dykes are almost always 
biotitised and are excellent hosts to hypogene sulphide 
mineralisation. The contacts between the two granitoid 
types are commonly the locus of Laramide intrusion. No 
Palaeozoic rocks are known in the district and the 
Proterozoic is directly overlain by a sequence of Cretaceous 
rocks commencing with a thin arkose, followed by several 
hundred metres of andesitic porphyry, agglomerate and 
andesite or dacite porphyry breccia which has been altered, 
both in the vicinity of the ore deposit and regionally 
(duHame! et al, 1995). 


The Proterozoic and Cretaceous rocks have been intruded 
by the 6x10 km Early-Eocene, Laramide Tyrone Stock 
(comprising a series of porphyry dykes and laccolith like 
apophyses, as described above) of overall quartz monzonite 
composition. The northeastern corner of this stock grades 
into porphyritic rocks which are responsible for the Tyrone 
hypogene mineralisation (Fig. 15). These porphyritic rocks 
are in turn composed of four stages as follows: 1) Stage J 
Porphyries, which are porphyritic diorite and biotite-diorite 
porphyry with plagioclase and biotite phenocrysts in an 
aphanitic granophyrtc groundmass. These porphyries host 
well developed stockworks with a vein deusity of 1096 by 
volume, accompanied by strong hydrothermal alteration, 
and fractured by the introduction of the Stage 2 Porphyries. 
li) Stage 2 Quartz-bearing Porphyries, with intermediate 
granodiorite and tonalite compositions, sparse megacrysts 

of K feldspar, and quartz and biotite phenocrysts. At 

shallow levels they grade into a dacitic phase. These 

porphyries occur as north and northeast striking dykes 


Southwest 
- Sampson shaft 


traversing the orebody, cutting the Stage | Porphyries. They 
contain more disseminated sulphides than Stage 1, but have 
a lesser density of stockwork veining, rarely exceeding 5% 
by volume. They are considered to be the progenitor of 
hypogene mineralisation at Tyrone. iii) Stage 3 intrusive 
Breccia, which are typically 60 to 120 m diameter elliptical 
masses composed of 20 to 60% rounded to subangular clasts 
of Proterozoic, Cretaceous and pre-Stage 3 Laramide 
lithologies, all set in a sulphide (chalcopyrite, sphalente 
and pyrite) bearing rock flour matrix. They are cut by, but 
are closely associated with, Stage 2 dykes. Together the 
dykes and intrusive breccias form intrusive complexes that 
are centres of hydrothermal mineralisation. iv) Stage 4 
Laramide Rocks, which include a 450 m diameter oval 
shaped tonalite porphyry plug and a series of dacite 
porphyry dykes, similar to those of Stage 2. None contain 
significant stockwork veining and generaily have <0.5% 
disseminated sulphide, although they carry the strongest 
molybdenum mineralisation is the mine, averaging 0.08% 
MoS, (duHamel et al., 1995). 


Within the district, but not at the mine, all of the preceding 
rocks are unconformably overlain by 350 m of Oligocene 
volcanic rocks dated at between 32 and 27 Ma. Three 
unconformities, one of which is angular, have been 
recognised within this pile. These volcanics are 
conformably overlain by the Miocene Mangas 
Conglomerate which has been deformed by the Basin and 
Range tectonism and carries widespread, but low grade 
(20.2% Cu) exotic copper mineralisation and scattered 
higher grade (>1% Cu) accumulations of up to 0.1 Mt. 
These are in turn overlain by scattered Pleistocene and 
Holocene alluvium (duHamel ef a/., 1995). 
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Figure 15: Geological plan and cross sections of the Tyrone supergene copper ore deposit, New Mexico. The gcological plan (lower left) 
of the Tyrone district is after duHamel, ef al., (1995) and references cited therein, It shows the Tyrone Pit in the northeastern section of the 
Early Eocene, multi-phase, Tyrone Stock. The section above, (top left} is redrawn from an original mine pencil sketch dated 1916, and 
shows the distribution of orc prior to large-scale mining. The Mangas Conglomerate on that section has since been removed and docs not 
appear in that location on the gcological map which was published later in the century. Note the location of the Niagara Tunnel on beth the 
section and on the geological plan. The outcrop of chalcocite near the Sampson Shaft illustrates how Holocene erosion ou tpaced chemical 
weathering and cut down into the chalcocite deposits. The section on the top right is located on the margins and beyond the northeastern 
lobe of the Tyrone Pit. Drilling showed the jarositic leached capping below the Mangas Conglomerate contained relatively abundant 
cuprite, native copper and residual chalcocite, A second horizon of chalcocite mineralisation was discovered beneath the partially destroyed 
upper horizon, The upper horizon was shown to be truncated by the crosion surface at the basc of the Mangas Conglomerate. Note also that 
the faults appear to cut the chalcocite blanket but not the conglomerate, although alternatively, they could possibly pinch out before 


reaching the fault. 
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Hypogene mineralisation is hosted by Laramide intrusive 
rocks and the underlying Proterozoic granite. It is mostly 
associated with Stage 2 quartz porphyry intrusive centres 
which break through Stage 1 porphyries to form salients 
into the enclosing Proterozoic and Cretaceous wall rocks. 
Primary copper and molybdenum mineralisation occurs as 
chalcopyrite and molybdenite bearing stockwork vein 
systems at depths of 300 to 450 m below the base of the 
open pit, within potassic altered hosts immediately below 
the transition to the overlying phyllic alteration zone. The 
chalcopyrite and molybdenite stockwork veining carries 
grades of 0.2% Cu and 0.02% MoS,, while 0.4% Cu as 
chalcopyrite accompanying magnetite persist to depths of 
1000 m. However, while this mineralisation is found at 
depth, evidence of chalcopyrite in supergene enriched 
stockwork ores is rare near surface and within the chalcocite 
blanket ores. The dominant hypogene sulphide in the open 
pit zone is pyrite, which contains small inclusions of quartz 
and chalcopyrite. The hypogene mineralisation in the open 
pit averaged less than 6% sulphide by weight. Unless all 
primary chalcopyrite was been completely replaced during 
supergene enrichment, the copper of the chalcocite blanket 
would have been derived from the low grade copper values 
associated with the pyrite mineralisation (duHamel et al, 
1995; Kolessar 1966). 


The supergene orebody at Tyrone is roughly triangular in 
shape with sides each of approximately 3.5 km. Although 
the upper surface is very irregular, the supergene suiphide 
enrichment blanket is generally tabular and slopes at 8°NW. 
It varies from a few metres to more than 100 m in thickness 
and is overlain by a comparable remnant thickness of 
leached capping (60 to 150 m thick), which has been locally 
dissected to the sulphide zone along one deep drainage 
channel (Fig. 15). More supergene ore is hosted by 
Proterozoic granite intruded by Laramide porphyry dykes, 
than in the actual Laramide intrusives. However the nchest 
ore, which averages over 1% Cu, is hosted by the Laramide 
intrusive breccia. A breccia body exposed in the North Pit, 
has complete replacement of pyrite at 180 m below the 
pre-mine surface, and 15 to 30% replacement 60 m lower 
(duHamel et al., 1995; Kolessar 1966). 


Sooty chalcocite, with lesser covellite, is the predominant 
supergene ore minerals. Chalcocite replaces chalocopyrite, 
sphalerite and pyrite, thereby filling interstitial spaces in 
the breccia. In the other lithologies, chalcocite has replaced 
sulphides in veins, and as dissemination, but has also been 
deposited in open spaces, while in some instances only 
disseminated chalcocite has been found, with the original 
fracture controlled hypogene sulphide having been 
completely leached/replaced. There are at least 20 areas in 
the mine where partially mined out high grade zones from 
the early 20^ century underground operation average 2 to 
3% Cu. In areas where older supergene enrichment stages 
have been re-weathered, the most abundant oxide minerals 
are chrysocolla, black copper silicates and black copper 
oxides such as melaconite and *copper-wad', mixed with 
limonites (duHamel ef al., 1995; Kolessar 1966). 


The supergene orebody in the open pit is overlain by a 
jarosite-hematite leached capping which can be followed 
to the northeast, where it passes under the Miocene Mangas 


Conglomerate. Below the conglomerate, two layers of 
supergene chalcocite can be resolved (Fig. 15). The upper 
blanket consists of abundant sooty chalcocite, cuprite, 
native copper and minor steel-glance chalcocite. The lower 
supergene sulphide enrichment layer is dominantly steel- 

glance chalcocite with only minor sooty chalcocite. The 
gap between the two, occupied by leached capping, is 

evidence that each represent a distinct temporal stage of 
weathering and enrichment. Both enrichment blankets have 

been offset the same amount across normal faults which 

are mineralised by small, but very high grade deposits of 
sooty and steel-glance chalcocite. This fault controlled set 

of chalcocite veins which cut both blankets represents a 

third stage of supergene enrichment. 


Oxidation and supergene alteration was apparently initiated 
during the Eocene. It is likely that the Oligocene volcanic 
units immediately to the east of the mine interrupted 
weathering and supergene activity, although the evidence 
is only circumstantial. However it is apparent that a mature 
supergene profile existed by the Middle Miocene. The 
development of this profile included the uplift and oxidation 
of the upper enrichment blanket leaving a layer of hematite 
rich leached capping over much of the deposit. The upper, 
partially oxidised chalcocite blanket was preserved below 
the remaining Mangas Conglomerate where it was protected 
from compete destruction by post-Miocene oxidation. 
Subsequent erosion of the conglomerate from over the 
majority of the deposit started a new cycle that totally 
leached the exposed upper blanket. This cycle was 
interrupted by the Basin and Range Event that again 
changed the hydrologic conditions in the district. The latest 
episode of supergene activity has involved mineralisation 
of ‘basin and range” fault structures and the deposition of 
exotic copper mineralisation, some of which is visible in 
the pit walls. Where sufficient pyrite remained, further 
copper was leached from the Miocene and Eocene 
chalcocite deposits. Otherwise chrysocolla and malachite 
oxide-copper mineralisation was formed in situ during the 
Late-Miocene to Pliocene (duHamel et al, 1995). 


Four supergene samples were taken from Tyrone (see 
Table 2). The oldest, UAKA 92-22, which was dated at 
39.5 +1.7 Ma, was a submicron illite hosted by an intrusive 
breccia. It was collected from the 5450 bench on the 
northern wall of the North Pit. This determination is subject 
to the uncertainty discussed in the ‘Introduction’ section, 
but is interpreted to represent the first stage of supergene 
enrichment after erosion removed the andesite volcanic 
complex edifice above the porphyry deposit and exposed 
the hypogene mineralisation, prior to the onset of Oligocene 
volcanism. Two Middle Miocene dates record the second 
episode of supergene activity involving the destruction of 
the upper chalcocite blanket and the formation of the lower 
supergene sulphide enrichment horizon, prior to deposition 
of the Mangas Conglomerate, The older of these, 19,2 +0.4 
Ma, was from sample UAKA 91-77, an alunite from a 20 
mm thick, monomineralic veinlet in the pre- ‘Basin and 
Range’ Crusher Fault. The second Middle Miocene date 
of 16.2 +0.4 Ma, from sample UAKA 92-56 was a hand 
picked light beige alunite from a thin (1 to 2 mm) veinlet 
cutting Proterozoic quartz monzonite on the 5750 level of 
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the open pit. The Late-Miocene age of 8.46 10,4 Ma from 
sample UAKA 92-55 dated a pale green alunite which also 
occurred in thin veinlets cutting Proterozoic quartz 
monzonite on the 5750 level, approximately 60 m northeast 
of sample UAKA 92.56. This latter date is more difficult 
to interpret, as it is likely that the ‘basin and range’ faulting 
in the district preceded this, so it may record oxidation 
related to mineralisation within “basin and range’ structures. 


Santa Rita, New Mexico 


The Santa Rita deposit (exploited by the Chino open pit 
mine) lies on the northern margin of the Basin and Range 
province in southwestern New Mexico. H also lies near 
the northern margin of the Palaeozoic depositional basin. 
Only a few questionable outcrops of Proterozoic basement 
have been recognised. The basal Palaeozoic sequence 
comprises Cambrian sandstone, Ordovician and Silurian 
dolomites and dolomitic limestone, and Devonian shales. 
In the Santa Rita area the Palaeozoic is principally 
represented by Carboniferous limestones, cherty limestones 
and limy shales that constitute the Lake Valley Limestone, 
and the unconformably overlying Oswaldo and Syrena 
Formations. These units are followed by the Permian Abo 
Formation red shale, limestone and limestone 
conglomerate. The Palaeozoic sediments are in turn 
unconformably overlain by the 30 m thick Late Cretaceous 
Beartooth Quartzite, which in addition to quartzite includes 
limy sandstone and shaly sandstone. This unit is succeeded 
by the 300 m thick Late Cretaceous Colorado Formation 
comprising a lower black shale unit and upper sandstones. 
These Palaeozoic and Mesozoic sediments together 
constitute a pile of around 1200 m in thickness (Rose and 
Baltosser 1966). 


The first magmatism in the district commenced during the 
Late Cretaceous to early Tertiary with the intrusion of a 
series of sills and laccoliths of diorite, porphyritic quartz 
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diorite and related rocks. The quartz diorites were emplaced 
as multiple intrusions of two ages, an Early and a Late 
Quartz Diorite with different textures and phenocryst 
compositions. These intrusions were followed by the 
deposition at surface of 100 m or more of andesite breccia, 
tuff and lesser intercalated sandstone and shale. The quartz 
diorites were succeeded by the next major magmatic event, 
represented by the Late Paleocene 63 Ma granodiorite 
porphyry of both the Santa Rita Stock, and the Fierro- 
Hannover Stock 5 km to the north. These two stocks are 
related to the formation of porphyry style mineralisation. 
They have a variable composition, but in general contain 
phenocrysts of plagioclase (andesine), hornblende, thick 
biotite books and sparse quartz in a groundmass of anhedral 
quartz, orthoclase, minor biotite and accessories. Two thick 
granodiorite porphyry dykes with similar compositions 
extend northward from the Santa Rita stock. These and 
other similar dykes in the vicinity may be apophyses of the 
stock, although some also cut both stocks and may post 
date the mineralisation. 


North-south trending dykes of quartz monzonite porphyry, 
common in the district, cut the Santa Rita Stock, These 
latter dykes are distinguished by large phenocrysts of 
orthoclase and a greater abundance of quartz. While some 
copper post dated these dykes, the bulk of the copper and 
zinc mineralisation preceded their intrusion. A further 
quartz monzonite porphyry dyke cuts across the Santa Rita 
Stock in a northwest direction. Fragments of this dyke are 
found ina steep sided, localised basin of conglomerate and 
sandstone, the Wimsattville Formation, which is interpreted 
to represent a crater or caldera. These sediments are in 
turn cut by dykes of latite and quartz latite which are 
common throughout the district, including and east-west 
trending set which cut the Santa Rita Stock, but appear to 
be older than the Miocene volcanics (Rose and Baltosser 
1966). 
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Figure 16: Geological cross sections across the Santa Rita supergene copper ore deposit, New Mexico. The east-west section (left) 
illustrates how chalcocite mineralisation is offsct as two “stair steps” by post-volcanic faulting. Enrichment is best developed around the 
periphery of the Santa Rita Stock, The centre of the intrusion is devoid of copper in many arcas. The north-south section (right) through 
the supergene blanket, in the southeast section of the deposit, shows a lateral zoning within the blanket with respect to the outcrop of the 
capping Oligocene rhyolite, reflecting the progressive unroofing and oxidation of the buried supcrgene mineralisation. 
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The sedimentary, volcaniclastic and intrusive rocks detailed 
above were subjected to considerable erosion prior to the 
deposition of Oligocene volcanic rocks of the 36.9 Ma 
Sugarlump Tuff, the 33.4 Ma Kneeling Nun Rhyolite and 
late Oligocene basaltic andesites to the south of the Santa 
Rita Stock. Erosion and deposition of Miocene to Pliocene 
consolidated sand, gravel silt and clay occurred during the 
Basin and Range Event, accompanied by minor amounts 
of volcanic rocks. These were overlain by recent alluvium. 
The sequence within the district has been subject to complex 
faulting, while the generally shallow dipping Palaeozoic 
to Mesozoic sedimentary sequence has been structurally 
disrupted by the intrusion of the Laramide stocks (Rose 
and Baltosser 1966). . 


The 4 km diameter Santa Rita Stock, composed mostly of 
granodiorite porphyry, intrudes most units of the 
Carboniferous to Cretaceous sequence described above. 
Two styles of ore have been mined historically at Santa 
Rita, namely: i) supergene enriched copper ore developed 
over hypogene porphyry copper mineralisation, comprising 
mainly chalcocite, and hosted by the intrusions and by wall 
rocks of Upper Palaeozoic sandstones and shales and ii) 
skarn ore developed within Upper Palaeozoic carbonates 
adjacent to the Santa Rita and Fierro-Hannover Stocks, 
composed mainly of chalcopyrite, accompanied by major 
amounts of magnetite, pyrite, quartz and garnet, as well as 
epidote, tremolite-actinolite, and by chlorite in more impure 
limestone hosts (Rose and Baltosser 1966). 


Hypogene porphyry style copper mineralisation at Santa 
Rita comprises disseminated and veinlet chalcopyrite and 
pyrite with only minor bornite and small amounts of 
molybdenite, pyrrhotite and marcasite. Chalcopyrite tends 
to be more prevalent as disseminations, while pyrite, which 
is ubiquitous and much more abundant than chalcopyrite, 
is more obvious in the veinlets. The hypogene grade, in 
general, ranges from 0.1 to 0.3% Cu, with around 4% pyrite 
within the porphyry host below the supergene ore. The 
principal alteration assemblage within the Santa Rita Stock 
comprises orthoclase, biotite, quartz with clay (probably 
supergene) and some sericite. Orthoclase also occurs within 
veinlets with the quartz and sulphides. On the margins of 
the stock and in siliciclastic sediments and quartz diorite 
of the wall rocks, the dominant alteration minerals are 
sericite and quartz, with copper grades similar to those in 
the granodiorite porphyry, and sulphides concentrated in 
veins. Within the carbonate hosts, ore grade hypogene 
mineralisation has been developed with little or no 
supergene enrichment. Chalcopyrite typically occurs as 
veinlets and disseminations within the skam mineralogy. 
On a broader scale there is a zonation outwards from the 
centre of the Santa Rita Stock of copper to copper-zinc to 
lead-zinc (Rose and Baltosser 1966). 


Prior to mining, supergene mineralisation was present as 
three northwest trending zones of relatively thick, high 
grade chalcocite ore. In general, these three zones 
correspond to mineralisation developed along the northeast 
and southwest margins of the Santa Rita Stock, straddling 
the contacts and hosted by both granodiorite porphyry and 
siliciclastic rocks, while the third occupied a broader central 


zone over the core of the main stock. The dominant 
sulphide is chalcocite, with minor covellite, while where 
oxidised, native copper, chrysocolla, cuprite, malachite and 
azurite are important minerals. Both sooty and steel-glance 
chalcocite are present, either as veins or discrete grains 
composed only of chalcocite, or as coatings on pyrite, and 
at greater depths as partial replacement of chalcopyrite. 
The preserved goethite-hematite-jarosite leached capping 
(which was rose coloured in outcrop) varies from a few to 
more than 100 m in thickness, while the underlying 
supergene enriched sulphide blanket ranges from a few to 
over 200 m, although appreciable amounts of chalcocite 
are present partially replacing hypogene sulphides at depths 
of more than 250 m (Rose and Baltosser 1966). 


Three stages of supergene enrichment have been 
distinguished at Santa Rita. Evidence for the first stage is 
from both chalcocite mineralisation buried below the 
Oligocene (33.4 Ma) Kneeling Nun Rhyolite and clasts of 
chalcocite ore and leached capping in the basal 
conglomerate of that unit, immediately to the southeast of 
the Santa Rita Stock. The second stage, believed to be 
Oligocene to Miocene in age, is inferred from detailed 
geological cross sections, prepared from drilling and mining 
information (Fig. 16). These sections reveal that chalcocite 
mineralisation thickened abruptly northwards, away from 
the Oligocene volcanic overburden, but is offset by around 
150 m across the late Miocene or Pliocene Martin Canyon 
Fault. This fault is believed to be a ‘basin and range’ 
structure, active at around 12 Ma. An immature weathering 
profile is developed in the footwall of this same fault, in 
which isolated bodies of un-oxidised (chalcocite), or 
partially oxidised (chrysocolla and malachite mixed with 
chalcocite) primary and secondary sulphides of the main 
supergene chalcocite blanket are embedded in ‘oxide 
copper’ mineralisation and leached capping, above the main 
chalcocite blanket. This observation is taken to imply that 
post-Miocene supergene processes were active, but 
relatively inefficient after the Basin and Range Event at 
Chino, defining a third stage of supergene activity. 
Supergene enrichment had concluded by the Quaternary 
when the modern surface was incised through the 
enrichment profile and the supergene enrichment blanket. 


Further evidence for post-Miocene supergene processes IS 
illustrated by the north-south cross section from the 
southeastern part of the deposit shown on Fig. 16. In this 
area there is a lateral zonation within the supergene blanket 
with respect the outcrop of the overlying Oligocene rhyolite. 
This zonation reflects the progressive unroofing and 
oxidation of the pre-Oligocene supergene blanket. The 
supergene mineralisation is developed in a relatively 
homogenous, highly altered (quartz, sericite, K feldspar 
and pyrite) host of shale and diorite, and hence the results 
of post-volcanic weathering can be isolated. Chrysocolla 
predominates furthest to the north, along the southeastern 
margin of the stock, Further south, towards the more 
recently exposed parts of the supergene blanket, there is a 
transition through a mixed oxide-sulphide zone, to un- 
oxidised chalcocite. The oxidation is the result of post- 
volcanic weathering of a mature enrichment blanket. The 
leached capping thickens to the west, in the downthrown 
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block (as shown on the east-west section on Fig. 16) and 
the chalcocite ore was largely not influenced by oxidation. 


Two supergene alunite K/Ar dates have been determined 
from the Chino mine area. The younger of these is Late 
Oligocene (25.6 +0.7 Ma), returned from sample X-10606, 
which was taken from a monomineralic veinlet preserved 
within hematitic leached capping less than 30 m below the 
modern surface. The sample is considered supergene on 
the basis of field occurrence alone, and is interpreted to 
represent the earliest activity in the second stage of 
supergene enrichment, following removal of Oligocene 
volcanic cover. The older date of early Oligocene 
34.3 +0.9 Ma from sample UAKA 93-1] is more 
problematic. There is strong evidence that during the Early- 
Oligocene, the Santa Rita District was covered by in excess 
of 100 m of volcanic cover (Hernon and Jones, 1968). This 
sample was taken from 2]0 m below the modern (pre-mine) 
surface. It is isotopically heavy (1.7%o 6S} compared to 
the typical hypogene sulphides in the Chino mine (-2.1%o 
6S; Field, 1966), although the difference is not extreme. 
The contribution of isotopically heavy sulphur from 
hypogene sulphates cannot currently be quantified, although 
it is reasonable to conclude that some is taken up by 
supergene sulphates during weathering. The older alunite 
may be the product of subvolcanic diagenesis or 
hydrothermal activity involving meteoric waters trapped 
by the virtually instantaneous deposition of volcanic tuffs, 
and heated by prolonged volcanic activity. Alternatively it 
could be a hybrid date resulting from growth of Miocene 
alunite on Eocene grains or partial re-equilibration of very 
fine grains during different periods of supergene activity. 


Discussion 


Regional Correlations 


Episodes of supergene sulphide enrichment must correlate 
with an erosional surface, as they are essentially the result 
of a form of chemical weathering (Segerstrom, 1963; Clark 
et al., 1967; Sillitoe et aL, 1968; Mortimer 1973, 1977). 
This erosional surface can be either the modern landscape 
or an ancient surface. The modern (pre-mining) landscape 
correlated with the top of supergene mineralisation at Silver 
Bell, Pinto Valley (Castle Dome) and Bisbee. K/Ar dating 
corroborates this at Silver Bell and at Bisbee, but not at 
Pinto Valley, A somewhat different correlation between 
supergene mineralisation and the modern landscape exists 
at Ajo where the base of sulphide oxidation in the untilted 
supergene ores was the (pre-mine) modern water table. 
Fig. 17 shows the deposits which have either stratigraphic, 
geomorphic or isotopic (K/Ar) evidence of Late Miocene 
or Pliocene supergene alteration. 


There is no evidence at Lakeshore, Sacaton and Santa Cruz 
of significant supergene activity since the Basin and Range 
Event began. All three of these deposits are located in the 
mature desert landscape which exists west of the Santa Cruz 
River (Fig. 17) where erosion now predominates over 
chemical weathering. Many physiographic features in this 
landscape apparently date back to at least the Middle 
Miocene (Damon et al, 1974; Shafiqullah et al., 1980). 


Ajo and Silver Bell, with similar modem climates, have 
clearly undergone significant supergene activity since the 
beginning of the Basin and Range Event. 


The absence of supergene activity since the Late Miocene 
at Lakeshore, Sacaton and Santa Cruz is due to the lack of 
pyrite in the weathering zone, not the locally semi-arid 
climate. All three deposits are in the hangingwall of ‘basin 
and range' faults, while Ajo and Silver Bell are in the 
footwall of similar structures. 


Fig. 17 also shows those deposits with evidence of Late 
Oligocene to Middle Miocene supergene activity. This 
same period is the most favourable for supergene activity 
in the Andean Cordillera of northern Chile (Brimhall and 
Mote, 1997; Mote and Brimhall, 1997; Sillitoe and McKee, 
1996). Clearly this was also an important period of 
enrichment in Arizona and New Mexico. However, unlike 
northern Chile, where extreme aridity ended significant 
supergene alteration at most major deposits at 
approximately 15 Ma (Brimhall and Mote, 1997; Alpers 
and Brimhall, 1988), sulphide enrichment and in situ 
oxidation of older supergene sulphide ores continued in 
southerwestern US during the late Miocene and well into 
Pliocene time. 


There is a correlation between an Eocene to Early- 
Oligocene erosion surface and the top of the tilted chalcocite 
mineralisation at Ajo and San Manuel. Fig. 17 aiso shows 
deposits or districts with evidence of Eocene or Early- 
Oligocene supergene alteration. Livingston et al., (1968) 
list many districts where supergene ores were buried and 
preserved by Mid-Tertiary volcanic rocks. These districts 
are not indicated on Fig. 17, which only shows the location 
of evidence considered in the investigation reported herein. 
Finally, a correlation exists between the top of sulphides 
(base of oxidation) in limestone replacement/skarn deposits 
at Bisbee and an Farly-Cretaceous surface. This is the only 
known example of Early-Cretaceous supergene activity in 
the region. 


Scarborough (1989) summarised the Cenozoic stratigraphy 
of southern Arizona and adjacent parts of New Mexico. 
The diagram on the left side of Fig. 18, redrawn from 
Scarborough (1989), provides a graphic illustration of the 
Cenozoic stratigraphy in southwestern U.S. as a base for 
discussing regional correlations of supergene activity. This 
diagram shows four tectono-stratigraphic units, bounded 
by time-transgressive regional unconformities, which, in 
general, young to the west. These four units are: i) the 
Whitetail Assemblage of continental sediments which were 
deposited during the Eocene Epeirogeny and have generally 
been tilted (Shafiquilah et al, 1980). ii) Volcanic units 
deposited during the Mid-Tertiary Orogeny. iii) the San 
Manuel Assemblage, comprising continent sediments, 
which have often been tilted, and were deposited after Mid- 
Tertiary volcanism, but prior to “basin and range” activity. 
iv) The Gila Assemblage, of continental sediments 
deposited in modern basins. None of these assemblages 
completely covered the region, and it is possible they may 
be an over-simplification of the actual sequence in some 
districts. 
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The plot on the right side of Fig. 18 shows the supergene 
K/Ar dates from this study plotted on the Scarborough 
diagram. The dates from Sacaton and Tyrone fa!!, more of 
less, on the erosion surface between the Laramide and pre- 
Laramide bedrock, and the Whitetail assemblage. The first 
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cycle of enrichment at Ajo and the chalcocite blanket at 
Kalamazoo correlate with this same erosion surface as well, 
based on stratigraphic evidence. The apparent poor 
correlation at Sacaton is, in large part, due to the lack of 
datable Oligocene units in the vicinity of the deposit. 
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Figure 17: Stratigraphic columns illustrating the Cenozoic 
history of sections of southwestern USA, and the 
locations of districts or deposits with evidence of 
supergene activity in specific periods during the 
Cenozoic. The cvidence for periods of supergene activity 


is derived from stratigraphic, geomorphic or isotopic 
(K/Ar) dating (scc Table 2). 
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The dates from Pinto Valley and Red Mountain correlate 
closely with the erosion surface between the Whitetail 
Assemblage and the Mid-Tertiary volcanics. This erosional 
surface, where preserved, is often an angular unconformity 
due to the widespread deformation by the Mid-Tertiary 
Orogeny of the local basins formed during the Eocene 
Epeirogeny. Enrichment at Lakeshore, Santa Cruz, 
Inspiration, Santa Rita (Chino) and probably Morenci 
occurred in Whitetail time, where deposition was only 
restricted to local basins during the Eocene Epeirogeny, 
while most of the region was exposed and being weathered. 


Dates from Santa Rita (Chino),Tyrone and Silver Bell all 
fall reasonably close to the regional unconformity at the 
top of the Mid-Tertiary volcanic assemblage. 


The K/Ar dates from the late Miocene and Pliocene do not 
plot close to the San Manuel Assemblage-Gila Assemblage 
unconformity, but are all younger. The Gila Assemblage 
correlates with the Basin and Range Event, when deposition 
was restricted to elongate basins separated by extensive 
exposed, ranges. Clearly, where sulphides, or other reactive 
supergene minerals were exposed to the atmosphere by 
‘basin and range” faulting, weathering continued and 
supergene alteration persisted well into Pliocene time. 


Each tectonic pulse in the geologic evolution of the region 
has had an impact on hydrologic conditions, either because 
of uplift, or changing local base levels, which facilitated 
episodes of supergene activity at several porphyry copper 
deposits. 


Supergene Alteration and Climate 


Global climatic patterns have been suggested as controlling 
factors in supergene activity (Brimhall and Mote, 1997; 
Mote and Brimhall, 1997; Vasconcelos et al., 1997) during 
Early-Oligocene to Middle Miocene time. The 
palaeoclimatic history of Arizona and New Mexico was 
reviewed by Nations ef a/,, (1985) on the basis of the fossil 
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record. The Paleocene climate in the region was humid 
and warm-temperate to sub-tropical. Pollen records in 
Eocene sediments with a provenance in Arizona contain 
plant taxa living today in both cool temperate uplands and 
sub-tropical lowlands. A pattern of well drained uplands 
and poorly drained lowlands persisted into early Oligocene 
time. 


Mid-Tertiary volcanism disturbed the existing pattern of 
microclimates and appears to have made the overall climate 
cooler, drier and more variable than in the Eocene 
(Scarborough, 1989; Nations et al., 1985). Plant and animal 
fossils are relatively common in the Miocene-Pliocene of 
the region, and a wide variety of palaeobiological 
communities are preserved, indicative of palaeoclimates 
governed by palaeotopography. The region developed an 
interior drainage pattern during the Miocene, culminating 
in the deposition of large evaporate deposits (Shafiqullah 
et al., 1980). Thus, the region was largely isolated from 
the hydrological repercussions of Late Miocene changes 
in sea level which affected supergene activity elsewhere 
(Brimhall and Mote, 1997). The palaeoclimatic history of 
southwestern U.S. is complex and a detailed analysis of 
the influence of microclimates on the supergene chronology 
of each deposit or district has not been undertaken. 


The copper in Pleistocene and younger sediments in the 
region is predominantly detrital chrysocolla and tenorite 
(Huff 1970; Lovering et al., 1950). This is taken as evidence 
that erosion dominated over chemical weathering during 
this period and consequently near surface conditions in 
southwestern U.S. did not favour significant supergene 
enrichment during the Holocene. Never the less, weathering 
of sulphides continues in the present climate, although the 
rate of oxidation appears to have slowed approximately 
30 000 years before present (Lovering, 1949). Patterns of 
precipitation changed during the Pleistocene, to a more 
seasonal, monsoonal pattern of rainfall which promoted 


Ajo A. 
Gila Silver Bella 43an X. North 


Bisbee, Morenci 
Assembiag A A San X. North ` 


Section line A 
TBE 


Santa Rita, Deposit sampled and K/Ar date 


Figure 18: Diagrams comparing the K/Ar dates of supergene activity affecting porphyry copper deposits and Cenozoic erosion, 
sedimentation and volcanism in southern Arizona and adjacent New Mexico. Four time transgressive strato-tectonic assemblages 
have been interpreted and correlated across the region. These unconformity bounded assemblages are the result of the Eocene Epeirogeny 
(Whitetail Assemblage), Mid-Tertiary Orogeny (Mid-Tertiaty volcanics), post volcanic extension and listric faultin g (San Manucl 
Asscmblagc) and the Basin and Range Disturbance (Gila Asemblagc). The diagram on the left is after Scarborough (1989). The diagram 
on the tef shows the same four assemblages, with supergene K/Ar dates from the sampling program superimposed. See Fig. 17 for actual 
stratigraphic columns representing these assemblages across the region. 
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arroyo cutting (steep sided ephemeral watercourses in 
unconsolidated material) throughout the region (Nations 
et al., 1985). Supergene sulphides, and in some cases 
primary sulphides, were exposed in canyons (gorges) where 
leached cappings had been rapidly eroded by intense 
monsoonal precipitation. 


Conclusions 


The porphyry copper deposits in Arizona and New Mexico 
have undergone supergene alteration for as long as sulphide 
minerals have been present in the zone of oxidation. 
Contemporaneous supergene activity during the: i) Eocene 
at Santa Rita, Tyrone, San Manuel (and Kalamazoo), 
Inspiration, Sacaton and Ajo; ii) Late Oligocene to Middle 
Miocene at Santa Rita, Tyrone, Red Mountain, Pinto Valley, 
Lakeshore and Silver Bell; and iii) Late Miocene to Pliocene 
at Tyrone, Morenci, Bisbee, San Manuel, Pinto Valley, San 
Xavier North, Silver Bell and Ajo, is the result of the 
common tectonic history they all share to varying degrees. 


Most of the porphyry deposits in the region, most notably 
Ajo, San Manuel, Morenci, Tyrone, Bisbee, Santa Rita and 
Santa Cruz have undergone multiple episodes of supergene 
activity, separated by millions of years, and often by 
profound tectonic changes in local geology. 


Evidence of separated episodes of supergene activity, in 
the form ofstratigraphic relationships, or K/Ar dates, begins 
in the Early-Cretaceous at Bisbee and continues until the 
Pliocene at Bisbee, Ajo, Silver Bell and San Xavier North, 


Copper enrichment occurred in both the warm sub-tropical 
climate of the Eocene and the semi-arid conditions of the 
Pliocene. The oxidation and supergene enrichment of 
porphyry copper deposits in Arizona and New Mexico has 
apparently continued through diverse climatic regimes, at 
least locally. That is, the enrichment is likely an edaphic 
rather than climatic phenomenon. 
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GEOLOGY OF THE BINGHAM MINING DISTRICT, 
SALT LAKE COUNTY, UTAH 


'Charles H. Phillips, 7Edward D. Harrison and *Tracy W. Smith 


! Kennecott Utah Copper (retired), Bingham Canyon, Utah 
*Kennecott Utah Copper. Bingham Canyon, Utah 


Abstract: The Bingham deposit is centred on a small 40 Ma stock of older, generally equigranular, 
monzonite that is cut by quartz monzonite porphyry, latite, and quartz latite porphyry dykes. The surrounding 
country rocks are quartzite and minor but important limestone. A body of fractured rock formed over the top 
of the monzonite as it cooled leaving a weakly fractured core below a dome of strong fracturing. Early 
fluids entered this fractured mass at about the time of the intrusion of the first porphyry resulting in an 
undetermined amount of alteration and mineralisation. This fracturing is a major control on the location of 
the ore shell and the concentric zoning pattern of alteration and mineralisation. Five porphyry intrusives 
have been described and each is followed by a cycle of veining, alteration and mineralisation. The porphyries 
all trend north-easterly across the northern half of the deposit, forming the porphyry trend. At least three 
overlapping centres of fracturing, alteration and mineralisation seem to be present within the stock, one 
centred in the fracture dome and two or more in the porphyry trend. 


Alteration consists of Bingham Main stage biotite and K feldspar and Late stage sericite/clay. The Bingham 
Main stage mineralisation includes bornite, chalcocite, chalcopyrite and pyrite. Pyrite is dominantly in an 
outer halo with both potassic and phyllic alteration. Chalcopyrite lies inside the pyritic zone with potassic 
alteration. Bornite/chalcocite forms an annulus within the chalcopyrite zone with extreme concentrations in 
two centres within the porphyry trend. Gold is strongly correlated with bornite in the porphyry trend. There 
is a core of weakly fractured, weakly veined and mineralised rock in the centre of the deposit at the present 
level of exposure. Much of the molybdenite formed in quartz veins without alteration selvages at the end of 
the Bingham Main stage. A Late stage of quartz-sulphide-sericite is the last episode of mineralisation and 
includes lead-zinc-silver veins and replacements in and beyond the pyritic zone and copper sulphides in the 
outer ore sheli. The Late stage is characterised by chalcopyrite and pyrite plus or minus bornite and chalcocite/ 
covellite with sericitic alteration of the adjacent wallrock. Mineralisation accompanying the Late stage is 
economically significant. The Bingham Main stage formed during a period of about a million years. 


Ore controls are the hot mass of the stock, temperature variations outward, host rock chemistry or reactivity 
and fracture controlled fluid access. The outstanding example of host rock effects is the limestone beds, 
which altered to garnet skarns and captured higher-grade copper mineralisation. 


Company began shipping open pit ore in June 1907. Utah 
Copper soon became the largest developed ore body in the 
world. The open pit copper mine has, with minor exception, 
been in continuous operation since then. 


Introduction 


The Bingham mining district is located on the east flank of 
the Oquirrh Mountains, just southwest of Salt Lake City in 
the state of Utah (Fig. 1). The Bingham district has been 
mined over a vertical interval of roughly 1500 m (4 800 


feet), from the 2410 m (7 900-foot) elevation to the bottom Regional Geologic Framework 
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of the underground workings. The first mining claim, the 
Jordan, was staked on the mineral rights September 17, 
1863, (Boutwell, 1905). Lead, zinc and gold were the first 
products in the district from high-grade veins and 
replacements, It was not until a young mining engineer 
named Daniel Jackling convinced Spencer Penrose and 
Charles McNeill, wealthy investors, to develop the low- 
grade porphyry mineralisation that large-scale copper 
mining could begin. Steam shovel stripping operations 
began in June 1906 (Smith, 1975) and the Utah Copper 
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The Bingham district is near the western end of the Uinta 
Axis, a structural trend that appeared in the Precambrian 
and remained an active structural element until the Tertiary 
(Fig. 1). The Uinta Axis marks the boundary between the 
Archaean Wyoming Province to the north and Proterozoic 
basement rocks to the south (Babcock et al, 1997). The 
Wasatch fault east of Bingham and across the Salt Lake 
Valley marks the eastern limit of the Basin and Range fault 
block mountain province. Locally thick quartzite and 
thinner limestones represent the Permian and Carboniferous 
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(Pennsylvanian) in the immediate mine area, while most 
of the remainder of the Palaeozoic is also present in the 
surrounding region. Except for the more distant parts of 
the district, Mesozoic rocks are absent. The large thrust 
faults and extensive folding of the Cordilleran Orogeny 
that deformed all of these rocks are important ore 
controlling features within the mine area. 


During the late Eocene and early Oligocene, the region 
underwent northeast-southwest compression as the Farallon 
plate was subducted along the western edge of the 
continental mass (Best et al., 1989). At about 40 Ma the 
igneous intrusions responsible for the mineralisation in the 
Park City, Cottonwood, Bingham and Stockton mining 
districts were emplaced along the western extension of the 
Uinta Axis. A thick section of comagmatic volcanic rocks 
occurs east and southeast of the mine along the east flank 
of the Oquirrh Mountains as latite flows, breccias, and 
related volcaniclastics. These were the outflow of an eroded 
volcanic cone well over 1.5 km in height above the present 
surface (Moore, 1973). 


At the about the time of these intrusions, Tertiary extension 
and normal faulting began, culminating in the Basin and 
Range topography that dominates much of the western 
United States. This extensional stress is reflected in the 
trend of many mineralised structures in the Bingham district 
(Presnell, 1997). Phillips and Kruhulek (2003) recognise 
an orthogonal, east-northeast and northwest structural grain 
around Bingham. This pattern is most evident in the 
northwest trending Ohio Copper porphyritic quartz 
monzonite and east-northeast trending quartz monzonite 
porphyry and later dykes as well the general boundaries of 
the Bingham stock. 
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Geology of the Bingham District 


The Jurassic Elko and the Cretaceous Sevier Orogenies 
resulted in a complex series of northerly trending folds and 
associated thrust faults in the vicinity of the deposit 
(Presnell, 1992). These folded and thrust faulted 
Carboniferous (Pennsylvanian) and Permian quartzites and 
limestones are the host rocks of the Tertiary intrusions 
associated with the deposit (Fig. 2). The limestones, though 
a minor part of the stratigraphic column, are important loci 
of skarn alteration and sulphide mineralisation. Fig. 3 
illustrates the folding and associated faulting along the north 
side of the deposit, the North Ore Shoot area. In this section 
the limestones are only present in the lower plate of the 
Midas thrust and these were not known to exist until 
discovered by drilling. At other locations in the deposit 
(Carr Fork, Fig. 2), the limestone beds are in both upper 
and lower plates. The upper bed is the Commercial 
Limestone and the lower bed is the Jordan. Ore in the 
limestone beds will be discussed later. Other thin limestone 
members, the Alphabet series, are present south of the open 
pit and are the hosts to lead/zinc replacements. 


The hydrothermal system is centred on a small composite 
stock composed of four major rock units, monzonite, quartz 
monzonite porphyry, latite porphyry and quartz latite 
porphyry (Fig. 2). Age dates (Table 1) will be discussed 
below. The monzonite intrusion is crudely circular with 
extensions or protrusions along the northwestern boundary 
to both the northeast and southwest. The north-easterly 
trend of this side of the stock is reflected in all subsequent 
intrusions and is referred to as the porphyry trend. The 
first intrusion was equigranular to porphyritic monzonite 
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Figure 2: Geology of the Bingham Mine area 


or quartz monzonite (referred to here as monzonite) and 
may have been in part a diorite. This rock forms many 
dykes and sills, the contacts are irregular and extensive 
assimilation of the wall rocks is evident. Burnham (1979) 
suggests that this intrusion is the differentiated product of 
a melt originating in the subduction zone. Multiple stages 
of melting and differentiation produced the final melt with 
very high water and metal content at a depth of about 7 km 
(4.3 miles). Burnham’s magma at 7 km fits with a magnetic 
anomaly extending from Bingham eastward to the Wasatch 
Mountains and ts also the likely parent source for the Alta/ 
Park City intrusions and mineral districts. 


The monzonite vented, heated the wall rocks and then 
cooled, crystallising to a depth of about 1.5 km (one mile) 
where the pressure of water exsolving from the underlying 
melt caused fracturing of the brittle roof and sides of the 
stock. The base of the resulting fracture dome retreated as 
cooling progressed to a depth of at least 2.5 km (1.6 miles). 
The result was a body of crackle and stockwork fractures 
above and around a dome of weakly fractured monzonite, 
which is a major control of the copper ore shell described 
below. Moore, et al., (1968) suggest that sharp contacts 
between the monzonite and the second intrusion, quartz 
monzonite porphyry, are rare and therefore the two 
intrusions represent a continuous period of intrusive 
activity. Maughan, et al., (2003) give reasons for a complex 
origin of the magmas intruded in the Bingham stock, in 
particular, they suggest a mafic component which added 
metals and fluid to the parent mass. Cline’s work (1995) 
shows that the Bingham stock is much too small to have 
generated the fluids and metals in the deposit, and that the 
fluids therefore originated at depth as suggested by 
Bumbham. 


The quartz monzonite porphyry intrudes the monzonite 
along the northwestern margin of the stock having a thick 
dyke like shape with a north-casterly trend. Latite porphyry 
cuts both of the older intrusions and is in turn cut by a 
series of dykes that are mapped as quartz latite porphyry. 
The latite and quartz latite porphyry dykes are also limited 
to the northern half of the deposit. The porphyry trend 
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Figure 3: Section through the North Ore Shoot showing 
structure and mineralisation (located on Fig. 4) modificd 
from Babcock el al., (1998). 
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apparently was the result of the regional Tertiary extensional 
stress associated with regional block faulting (Presnell, 
1997). At the eastern end of the quartz monzonite porphyry, 
irregular masses of the latite porphyry may have been 
emplaced in rocks that were still hot enough and deep 
enough to yield plastically. 


Faulting in the district is dominated by the Midas thrust 
(Fig. 3) and parallel breaks in the pre-Tertiary rocks. 
Numerous younger, high angle structures with a general 
north-easterly trend cut the intrusive as well as the 
sedimentary rocks and are often referred to as fissures. The 
fissures usually have very little displacement but may have 
widths of a metre or more and are important localisers of 
veins and replacements where they cut the limestone beds. 


Hydrothermal Alteration of Igneous & 
Sedimentary Rocks 


The character of alteration at Bingham is highly dependent 
on the amount of fracturing and veining, the host lithology, 
and the location in the zoning pattern. The spacing between 
fractures and veins influences the pervasiveness of rock 
alteration as well as the quantity of sulphide present. In 
the porphyries, north-easterly trending sheeted veins may 
constitute 50% or more of the rock over widths of a metre 
or more and are closely related to high-grade copper/gold 
mineralisation. Systematic variations in fracture density 
control both the pattern of metal zoning and the amount of 
mineralisation. Carbonate rocks typically are more pyrite 
and chalcopyrite rich and bornite poor than other rocks, 
Monzonite tends to have more chalcopyrite, sometimes 
more pyrite and less bornite than rocks with less iron and 
calcium contents (intensely altered porphyry or quartzite). 


The variations in sulphide mineralogy due to rock chemistry 
occur immediately on crossing contacts and may make 
zoning relationships difficult to follow. The details of 
zoning are presented below. 


Alteration of Igneous Rocks 


The earliest recognised alteration ts hydrothermal actinolite 
in the monzonite (Lanier et al., 1978) followed or 
accompanied by biotite along fine, discontinuous fractures. 
The actinolite forms rims on or completely replaces augite, 
Lanier et al., believed the actinolite to be an intermediate 
alteration stage between igneous augite and hydrothermal 
biotite (phlogopite). John (1978) stated that hydrothermal 
actinolite was the outermost selvage of early biotite veins. 
Biotite is the descriptor for hydrothermal biotite/phlogopite 
at Bingham, even when all the iron has been removed. 
Biotite is the first alteration to be associated with sulphide 
introduction and is most strongly developed in the 
monzonite (Fig. 4); no such strong early alteration is 
recognised in the quartz monzonite porphyry but may have 
been masked by later alterations. Hydrothermal biotite 
replaces primary biotite, magnetite and augite/actinolite. 
Magnetite usually disappears, or nearly so, with the first 
biotite alteration of the monzonite. 


Orthoclase (K feldspar) is a minor or rare component in 
quartz veins, more often occurring as alteration rims around 
plagioclase phenocrysts that are adjacent to or cut by quartz 
veins (Lanier e? al, 1978). It is more strongly developed 
in the quartz porphyries than in the monzonite, In the quartz 
monzonite porphyry, quartz and K feldspar locally destroy 
the original rock texture and silicate iron may be absent, 
leaving only a suggestion of igneous origin. The K feldspar 
tends to replace the sodic mms of plagioclase while the 
cores are replaced or dusted with sericite/clay. 
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Figure 4; Biotite and skarn alteration on the pit surface with folded Jordan and Commercial skarn beds projected 
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Sericite and/or clays dust or completely replace plagioclase 
phenocrysts in all the intrusives and form selvages on 
quartz/pyrite/chalcopyrite veins. Orthoclase is rarely 
attacked by sericite except in the selvages of Late quartz/ 
pyrite (chalcopyrite) veins. Sericite and clays are strongly 
developed along the porphyry trend and are much less 
evident in the monzonite south of the trend (Fig. 4). 
Pervasive development of sericite/clay is prominent where 
the porphyry trend crosses the outer ore shell and pyrite 
halo. Parry et al., (1997) show the clay alteration 
assemblage to have formed at a final temperature near 
200°C, although the sericite (white mica) could be an 
earlier, higher temperature product (Pers. Com. W. Parry). 


Propyiitic alteration characterised by actinolite-chlorite- 
(epidote) forms peripheral to, and interfingers with, the 
potassic zone in monzonite (Lanier ef a/., 1978) and locally 
in the latite and quartz latite porphyry dykes (Bray, 1967). 


Alteration of Sediments 


The following description of alteration in the sediments is 
mainly from the work of Atkinson and Einaudi (1978) done 
on the northwestern (Carr Fork area) side of the deposit. 
The Early stage contact metasomatism affected rocks 
adjacent to the Bingham stock and resulted in the 
development of wollastonite with variable amounts of 
idocrase and garnet in the major limestone beds and 
diopside in quartzite and calcareous quartz sandstone. This 
mineralogy in quartzite/sandstone changes outward, with 
diopside being replaced by tremolite and tale and the 
addition of calcite. In quartzite, Early stage alteration 
minerals are overprinted by Bingham Main stage quartz 
and sulphide veinlets with biotite selvages near the stock 
and actinolite at greater distance. In the limestones, the 
Bingham Main stage replaces the Early wollastonite 
alteration with andradite garnet, diopside, quartz, magnetite, 
hematite and copper sulphides. In a late hydrous or 
retrograde phase of the Bingham Main Stage, gamet is 
altered to actinolite with major sulphide mineralisation. A 
Late stage alteration of skarn (later than all biotite-K- 
feldspar alteration) converted previously formed calc- 
silicates to chlonte, clays, sericite and talc. In the east side 
quartzite, Inan and Einaudi (2002) described Bingham Main 
Stage as K feldspar plus biotite while Late stage alteration 
is an assemblage of sericite-kaolinite-quartz overprinting 
and perhaps extending outward from the potassic alteration. 
Fig. 4 shows the relationship of high-grade copper/gold 
mineralisation to the garnet and retrograde alteration and 
to the stock contact in the North Ore Shoot area. Note that 
wollastonite is not common in this area and that retrograde 
alteration is more prevalent than in the Carr Fork area 
described by Einaudi and Atkinson. 


The North Ore Shoot, Fortuna and Carr Fork (Fig. 2) are 
not separate ore bodies; they are segments of one extensive 
mineralised skam developed in the Commercial and Jordan 
Limestones (Harrison and Reid, 1997) along the northern 
and eastern stock contact. Carr Fork is predominantly in 
steeply to moderately dipping upper plate beds. The larger 
and higher grade North Ore Shoot/Fortuna mineralisation 
is in the tightly folded anticlines of Jordan and Commercial 
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Limestones in the lower plate (Fig. 3). The size and grades 
of the skarn are such that they constitute a major resource 
potential. 


Sulphide Zones 


The sulphide zoning (Fig. 5) is concentric, parallel to the 
contacts of the composite Bingham stock with a low grade, 
central and deep core which grades upward and laterally to 
the molybdenite zone, copper shell, pyrite halo a lead/zinc/ 
silver zone and outermost gold in veins. All of the zones 
are overlapping and gradational. Disseminated gold at 
Barney’s Canyon (Fig. 1) may also be related to the 
Bingham system. In detail, the copper shell is perturbed 
by what are interpreted to be secondary (multiple) centres 
of fluid flow and mineralisation along the porphyry trend 
(Fig. 5A). 


Low-Grade Core 


The low-grade core (or simply, core) in the vicinity of the 
ore reserve is potassically altered and typically contains 
less than 0.5% total sulphides as chalcopyrite, molybdenite 
and subordinate bornite. The core is centred at the 
monzonite/quartz monzonite porphyry contact and with 
depth, it expands and both the sulphide and metal contents 
decrease dramatically. The veins are widely spaced and 
the sulphide content tends to be low, accounting for the 
low metal grades. Bornite is variably present, more so 
where the porphyry trend intersects the core. Chalcocite 
and minor covellite accompany bornite as primary 
sulphides, and with the exception of Late stage sericite- 
pyrite veins, pyrite is virtually absent in the upper core. 
The dominant alteration is secondary biotite and is usually 
weak because of the low density of veinmg. Above roughly 
the 1650 m (5 400-foot) elevation of the mine, the core 
merged into the overlying copper shell. Near the outer 
limit of the core, vein frequency, chalcopyrite, and bomite 
content increase and there is a gradational change to the 
copper shell. At considerable depth, where the copper 
content drops to near background, pyrite again appears and 
becomes the only sulphide present in both monzonite and 
quartz monzonite porphyry. 


Molybdenite Zone 


Molybdenite and copper sulphides are essentially 
coextensive; the difference being that the peak molybdenite 
content lies just inside the core adjacent to the copper shell. 
The molybdenite content diminishes both into the core and 
outward to the pyrite halo. Molybdenite is present in a 
variety of vein types of various ages although the veins 
where molybdenite is the dominate sulphide are later than 
potassic alteration. 


Copper Shell 


The copper shell is a term for the three dimensional region 
of high copper values, occurring as a shell around the low- 
grade core (Fig. 5A), surrounded in turn by the pyrite halo. 
The 0.35% Cu copper contour roughly bounds the upper 
part of the copper shell. The copper shell owes its form 
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Figure 5A: Copper and sulphide zoning and high grade sub-centres of mineralisation. 
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Figure SB: Zoning of bornite, chalcopyrite, pyrite and Pb/Zn. All zoncs are gradational. 
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and variations to a complex set of geologic events. 
Foremost is the fracture dome already mentioned. No less 
important is the porphyry trend, which caused the 
monzonite stock and later porphyries to extend along the 
trend. The thermal events marked by the porphyry 
intrusions repeatedly rejuvenated the fracturing and fluid 
flows and formed at least two and perhaps three sub centres 
ofhigh-grade mineralisation (Fig. 5A). The outer boundary 
of the copper shell crudely parallels the stock contact 
(Fig. 2), overstepping the contact into the quartzite for a 
hundred metres or more on the east and north. Prior to 
mining, the copper shell extended to the surface near the 
2450 m (8 000 foot) elevation and is known to extend to 
the 600 m (2 000-foot) elevation at depth (Fig. 6). Fractures 
and/or veins are more closely spaced than in the core 
causing the biotite selvages of veins to overlap in the 
monzonite with the result that biotite alteration becomes 
pervasive. Much of the sulphide is truly disseminated, that 
is, it is neither in a vein or fracture nor can it be related to 
the envelope of a specific vein. This disseminated character 
holds true in thin section as well as in hand specimen. 
Disseminated sulphides commonly account for more of the 
mineralisation than do vein sulphides, especially in the high- 
grade areas. Potassic alteration is typical throughout the 
copper shell, except in skarn. 


The habit of sulphides in the copper shell can be illustrated 
by a traverse across the centre of the deposit perpendicular 
to the porphyry trend (Fig. SA): 


° Starting at the north contact between quartzite and 
quartz monzonite porphyry, the copper grade is 0.3% 
and pyrite is greater than or equal to chalcopyrite. 

+ — Atthecentre ofthe porphyry trend 150 mto the south, 
the grade may reach 2% Cu plus 1.8 g/t Au with 2% 
total sulphides (volume %) and bornite exceeding 
chalcopyrite with pyrite being absent. Mine studies 
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show bornite to be coextensive with primary 
chalcocite therefore we use bomite to mean both are 
present. 

The south contact of the quartz monzonite porphyry‏ و 
would lie near the interface of the copper shell with‏ 
the core zone where bornite abundance is less than‏ 
chalcopyrite, total sulphides are near 0.5 volume‏ 
percent and copper is around 0.3%.‏ 

e The core extends 300 m to the southern copper shell 
interface with local copper contents as low as 0.196 
and less than 0.595 volume sulphides. 

e — As the copper shell is again crossed, copper grade 
and sulphide content increase and a small amount of 
bornite may accompany chalcopyrite to roughly the 
centre of the southern copper shell. At that point, 
pyrite appears and increases as chalcopyrite decreases 
into the pyrite halo. 


Note the asymmetry of this concentric zoning relative to 
the location of the porphyries and the high-grade gold and 
copper. In the discussion section we will attempt to explain 
some of the anomalies in the zoning 


Expanding from this traverse, bornite occurs (Fig. 5B) 
throughout the core and extends into the medial copper 
shell, across the eastern contact of monzonite/quartzite, 
south along that contact and weakly around the south side 
of the monzonite. Fig. 5B outlines the higher 
concentrations of bornite, although smaller amounts of 
bornite occur throughout the core and along the eastern 
quartzite/monzonite contact. Threc centres of high grade 
are aligned in the porphyry trend. In these, (Fig. 5A), 
bornite may be more abundant than chalcopyrite, pyrite is 
typically absent and iron may be depleted to the point of 
being virtually absent except for iron in sulphides. In 
quartzite and in the southern monzonite, the bornite may 
be associated with pyrite. The general absence of pyrite in 
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the porphyry trend applies only to the present level of 
exposure. The early mine levels and the core zone do 
contain pyrite. 


Inan and Einaudi (2002) reported on two bornite 
associations in the quartzite east of the porphyry trend, one 
without pyrite and associated with potassic alteration and 
a later association of sericite-pyrite-bornite. The potassic 
association in quartzite is similar to that found tn the high- 
grade quartz monzonite porphyry except for lower gold 
content in the quartzite. At present, it appears that the 
bornite in Fig. 5B is a composite of two and perhaps three 
different types of bornite occurrences; the high-grade areas 
without pyrite, the wide envelope veins (see Origin of 
Fractures and Veins, below) and the Late stage. 


Gold is such an important part of the Bingham ore that it 
must be specifically mentioned. Work by Kennecott has 
shown its close correlation with copper and bornite 
(Ballantyne el al., 1997). In the porphyry trend and low- 
grade core, gold to copper ratios are high. Gold content is 
high tn the porphyry trend and much lower in the core. 
Both the ratio and gold content are lower in the quartzite to 
the east and the monzonite to the south. Reasons for this 
gold distribution will be discussed below. Bodies of 
siliceous gold ore were mined above the western part of 
the orebody, apparently in the leached capping, and may 
be related to mineralisation presently mined in the Main 
Hill fault zone 150 m south of the western end of the quartz 
monzonite porphyry. Several of the northeast striking 
fissures in the Main Hill area have wide halos of gold with 
strong clay alteration and a widespread arsenic anomaly 
that is part of the gold mineralising event but does not 
always mark the presence of gold. The Main Hill gold 
zone has some similarities to Carlin and Barney’s Canyon, 
being composed of sub-visible gold particles in the outer 
rim of pyrite grains. The Main Hill gold clearly overprints 
earlier copper mineralisation but its age relative to Late 
stage copper or to clay or sericite alteration has not been 
established. The best drill intercept of Main Hill Au-As is 
15 m of 3 g/t gold and prior to mining the Main Hill gold 
zone may have contained on the order of 1 million tonnes. 


Pyrite Halo 


The pyrite halo (>1% pyrite, py>cpy, Fig. 5B) overlaps 
with the outermost copper shell and extends outward for a 
thousand metres or more. Chalcopyrite content in the 
copper shell decreases as pyrite increases to about 1 vol. 96 
pyrite near the copper shell limit. Pyrite increases rapidly 
from one to greater than 2 vol. % over a distance of a 
hundred metres or more. The pyrite occurs as veinlets or 
fine-grained disseminations and may be accompanied by 
minor chalcopyrite. Limestones or skarns within the 
2 vol. % region of the pyrite halo typically contain greater 
than 4% pyrite. The pyrite tends to be more disseminated 
near the copper shell and more fracture-vein controlled 
outward (Babcock et al., 1995), 


Lead-Zinc Zone 


Past metal production from the lead-zinc zone has totalled 
around 33 million tonnes of lead-zinc ores with recovered 
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grades of 7% Pb, 3% Zn, 115 g/t Ag, and 1.2 g/t Au 
(Kruhulek, 1997). The lead-zinc mines at the Lark 
(eastern), U.S. Mine (southern), and Carr Fork (western) 
areas were active from the initial discovery of the district 
in 1863 to 1971. 


Veins (fissures) and replacement deposits with argentiferous 
galena, sphalerite, pyrite, tennantite-tetrahedrite, and minor 
chalcopyrite with or without calcite, quartz, clay, talc, 
sericite and opaline silica overlap the pyrite halo and extend 
to the outermost limits of recognisable sulphide 
introduction, a kilometre or more from the centre of the 
Bingham deposit. 


In the Lark mine production came mainly from the Jordan, 
Lark, and Commercial limestone replacements or mantos 
particularly the Lark bed or vein and its associated bedding 
fault. The Lark bed lies closely below the Commercial 
Limestone and was commonly ore grade for its entire 
thickness, up to 4.5 m or more. The ore spread out along 
the limestone beds and followed numerous fissure 
intersections with ore thicknesses up to 6 m. Some ore 
bodies extended for well over 300 m along strike and down 
dip. The lead-zinc production in the U.S. Mine came 
dominantly from a series of sub-vertical, NNE fissures in 
quartzite and monzonite and from steeply dipping mantos 
where limestone beds were intersected by the fissures. A 
complex of workings extended over a vertical distance 
approaching 1500 m (Rubright and Hart, 1968). Particular 
fissures contained signiftcant amounts of gold (Phillips and 
Kruhulek, 2004). In the Highland Boy area, north and west 
of the open pit, lead-zinc occurs along northeast-trending 
fissures especially at the intersection with the steeply 
dipping, westerly-striking Commercial and Jordan 
limestones. Copper was a much larger part of the 
production in this area. 


The pyrite content in these mines increases both at depth 
and as the pyrite halo is approached until the lodes become 
essentially barren massive pyrite. Sphalerite is zoned from 
jet black (Fe-rich marmatite) at depth to red-brown 
sphalerite at higher levels apparently due to marmatite being 
the stable higher temperature phase. With increasing depth, 
the lead-zinc lodes of the U.S. mine pick-up coarser-grained 
pyrite and finally some pyrrhotite. The Mn content 
increases outward and rhodochrosite + barite occurs locally 
in the outer fringe of the base metal zone. Enargite and 
cinnabar with orpiment and realgar were seen high in both 
the Lark and U.S. mines (Richard D Rubright, personal 
communication, 1995). 


There is little doubt that most lead-zinc-silver mineralisation 
post-dates copper mineralisation. When found in the copper 
orebody, this type of mineralisation crosscuts potassic 
alteration and Atkinson and Einaudi (1978) equated it with 
their Late stage. Fluid inclusion studies have shown that 
the mineralising fluids were very dilute (Field and Moore, 
1971; Roedder, 1971). 


Fluid Inclusions 


Fluid inclusions are extremely numerous and indicate 
boiling as well as a wide range of salinities. Temperatures 


are generally high in the core and decrease outward to the 
propylitic halo. Moore and Nash (1974) concluded that 
there were at least two episodes of high temperature veining, 
one of which was earlier than the dyke rocks. They also 
recognised two thermal peaks, one around 600% C and 
another about 400° C. Bowman et al., (1987), estimated 
temperatures of 450° C to 600° C from 14 samples that 
were widely distributed across the deposit. In their samples, 
the limit of 600° C encompasses an area of about 300 by 
450 m centred roughly on the core and overlapping the 
quartz monzonite porphyry and monzonite about equally. 
The 550° C isotherm extends 200 m into the copper shell 
and the 450? C temperatures extend to the outer copper 
shell in most locations but cut through the western quarter 
ofthe quartz monzonite porphyry and the copper shell. Inan 
and Einaudi (2002) estimated the temperature for the 
Bingham Main stage potassic alteration in quartzite on the 
east side of the copper shell to be 350? C with a 250° C 
estimate for Late stage alteration. 


Redmond et al., (2002) described a series of quartz veins 
following each of the porphyry intrusions, early veins with 
fluid inclusion temperatures from 400? to >575°C and later 
veins that formed below 400° C. They also found that 
inclusions from deep barren veins in the core have low 
salinity fluids carrying 8000 ppm copper, plus chalcopyrite 
crystals and estimated trapping temperatures of 470-590° C. 
They concluded that the barren, low temperature veins 
result from decreasing solubility of silica while metal 
solubility is increasing due to an adiabatic temperature drop 
of 50°C over a 1 km change in depth. 


Fractures and Veins 


The earliest fractures are the crackle and stockwork 
fractures related to the cooling of the monzonite as 
described by Burnham, followed by later sheeted and 
stockwork fractures created by the cooling of the porphyry 
intrusions. Finely sheeted quartz veins are prominently 
developed in the quartz monzonite porphyry but are not 
recognised in the monzonite. 


Phillips, et al., 1997 noted that consistent vein offsets are 
rare at Bingham and reported a general progression from 
early short discontinuous veinlets marked by biotite 
alteration and uncommon chalcopyrite to more continuous, 
straight quartz veins with ubiquitous chalcopyrite, biotite 
selvages and increasing amounts of molybdenite. 
K feldspar was noted rarely in veins and more commonly 
as alteration in plagioclase adjacent to veins. Calcite was 
said to be more common in younger veins. Later quartz- 
molybdenite veins were associated with little or no biotite 
alteration or chalcopyrite. The latest veins noted were 
quartz-pyrite veins with sericite selvages. Chalcopyrite in 
the latter veins was present only in the high copper areas. 
These relationships came from core logging, mainly in the 
monzonite. They separated a single quartz-K feldspar vein 
type mainly occurring in the quartz monzonite porphyry. 
The quartz-molybdenite veins would be equivalent to the 
Transitional veins at El Salvador (Gustafson and Hunt, 
1975) and vein types 4 and 5 at Butte, Montana (Brimhall, 
1977). 
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The latite and quartz latite porphyry dykes have long been 
known to cut off veins, to contain fewer veins and to have 
less mineralisation than the earlier rocks. Moore and Nash 
(1974) suggested that the orebody was formed by multiple, 
recurring events including at least two episodes of high 
temperature veining, one of which was earlier than the dyke 
rocks. Redmond, et al., (2002), vastly changed the 
interpretation of cross cutting relationships at Bingham by 
describing six new vein types or sub types in the porphyries 
(1 and 3 below). These are repeated cyclically, one cycle 
after each of five porphyry intrusions. This cyclic repetition 
explained what had previously seemed to be random cross 
cutting vein relations that can only be recognised at 
porphyry contacts. Their vein sequence was; 


I. BG veins with selvages of biotite and green sericite 
with bornite (bn), chalcocite (cc) and chalcopyrite 
(cp). Quartz centrelines are thin to absent. 

2.  Hairline biotite veinlets with trace bn-cc-cp. 

3.  Fivetypes of quartz stockwork veins, all with bn-cc- 
cp and K feldspar + biotite in their selvages. The latest 
of the five contained more sulphide mineralisation 
than the earlier veins. Fluid inclusions indicate 
temperatures declined from 7500? C to > 400? C with 
increasing sulphide formation at lower temperatures. 

4. Quartz-molybdenite-(cp) veins later than all the 
porphyries. 

5. Pyrite + quartz with sericite selvages. 


The heat provided by the quartz monzonite porphyry and 
its exsolved fluids may have been sufficient to heat the 
entire mass of the mineralised body during the first vein 
cycle, but the later dykes are far too small to have contained 
the necessary ingredients. Therefore, fluids must have been 
the source of heat as well as metals. The production of 
fluid and porphyry intrusions from the deep magma source 
are closely tied and it is likely that the low density, low 
viscosity fluid arrived ahead of magma at any given depth. 


Redmond et al., (2003) plot fluid inclusion data from the 
five stockwork quartz veins (listed above). This sample 
group is an apparently random sampling of the 25 different 
stockwork quartz veins (5 vein types in 5 repetitions or 
cycles). These samples are from a lithostatic depth at about 
2.3 km. The samples have evidence of boiling fluid and 
plot on a smooth P/T curve indicating that the 5 cycles 
have similar characteristics. Temperatures range from about 
350° at hydrostatic pressure, to 550° C at lithostatic 
pressure. We interpret this to mean that each vein cycle 
begins near 350° C, rises to about 550° C and drops again 
to 350°, passing each temperature point twice in each cycle. 
Rising fluid cools as the rock temperature rises (heating 
phase) until both are at or near the temperature maximum 
before cooling (cooling phase). Veins may form before as 
well as after the peak temperature. If the early fluid rises 
ahead of the magma intrusions, the intrusive will cut any 
heating phase veins but there is no field evidence developed 
for this. 


To explain the vein cycles described by Redmond et al., 
we suggest a simple, repetitive process, A mechanism such 
as the heating and cooling phases in each cycle of 
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hydrothermal activity coupled with boiling to create 
vertically zoned and overlapping fractures and veins. At 
the 2.3 km depth sample point, the stress of the upward 
movement of fluid may have caused hydraulic fracturing 
in the heating phase rock. Subsequent failure of the roof 
rock allowed boiling at and below the sample point to cause 
intense fracturing within the boiling zone (BZ) and 
stockwork fractures above. The samples are in the high- 
grade zone of the porphyry trend ore shell and apparently 
are near the upper limit of boiling (boiling is complete at 
this level) at a depth below 2 km. The rapid fall of pressure 
and temperature would decrease silica solubility to form 
the veins as well as raise the concentration of salts and 
metals in the remaining fluid by a factor of 5 to 10. 


In this scenario the fracture types are vertically zoned 
reflecting variations in the pressure, temperature and strain 
rate. Retreat of the BZ results in crosscutting or 
overprinting of early fractures (and veins) by later veins 
resulting in the 5 recognisable vein types at a single location. 
The quartz poor BG veins may have been formed in the 
early heating phase before any large temperature or pressure 
decline lowered the solubility of silica. 


The morphology of veins at Bingham is not fully worked 
out over the entire deposit. The vein types recognised by 
Redmond ef al., in the porphyries have not all been 
recognised or perhaps do not exist in the monzonite and 
some vein types in the monzonite apparently are absent in 
the porphyries. For example, drill logs and petrographic 
work (drill hole D392) relate the bornite in the southeastern 
monzonite to thin quartz veins that have wide, copper rich 
selvages (called wide envelope veins in Bingham drill logs) 
with bornite, chalcopyrite, and minor pyrite. These veins 
are straight and continuous and crosscut early biotite 
alteration with chalcopyrite, some weak K feldspar 
alteration is present along with bleaching (sericite?) of 
earlier biotite. On occasion it appears they may have biotite 
as an outer selvage and an inner bleached selvage. Wide 
envelope veins are somewhat similar to the BG (brown- 
green) veins described by Redmond et al., (2002); however, 
the BG veins are among the earliest veins found in the 
porphyry and do not contain pyrite. The wide envelope 
veins do not seem to fit the Late stage as described by Inan 
and Einaudi. 


Discussion and Conclusions 


Controls of Mineralisation and Metal Grades 


The descriptions above should demonstrate that there are 
systematic differences in mineralisation and alteration of 
the three major rock types intersected by the porphyry trend 
as well as differences between rocks within the trend and 
those lying generally south of the trend. These differences 
must be due to some combination of ore controlling 
features. The highest grades of gold and copper are in the 
quartz monzonite porphyry accompanied by intense 
fracturing, near total leaching of calcium and iron (except 
iron in sulphides), and flooding by K feldspar and silica. 
Bornite-chalcocite constitutes from zero to nearly 90% of 
the sulphide, pyrite is generally absent and chalcopyrite is 
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ubiquitous. In contrast, the monzonite in the porphyry trend 
contains more chalcopyrite, somewhat less bornite- 
chalcocite, less K feldspar and more biotite; peak metal 
grades are lower (averages are about equal) and more iron 
and calcium remain in the rock. Quartzite in the trend ts 
potassically altered and bomite-chalcocite locally are the 
major sulphides, but copper grades are lower than in the 
intrusives and Au/Cu ratios are much lower. These 
variations in metal grades and ratios can largely be 
explained by temperature changes across the deposit at the 
time of formation, host rock chemistry, and the fluid access 
via fracturing. 


Simon et a£., (2000) relate temperatures in the range from 
400° to 600? C and copper/iron ratio in sulphides to the 
amount of gold that can be loaded into chalcopyrite and 
bornite. The possible gold loading in bornite is as much as 
ten times that of chalcopyrite and temperature changes of 
100? C may change the gold loading of bornite or 
chalcopyrite by a factor of 10. Fig. 6 from Ballantyne e! al., 
(1997) illustrates the control temperature exerts on the 
amount of gold that can be loaded into copper sulphides. 
In the figure, Au:Cu is 1.22 g/t:1.1% in the copper shell of 
D50 and 0.765 g/t:0.2% some 250 m deeper in the low- 
grade core. The copper:gold ratio is more than doubled in 
the higher temperature core zone. Similarly, declining 
temperature outward from the core zone, as indicated by 
fluid inclusion work, appears to be a major reason for the 
lower gold to copper ratio in the quartzite on the porphyry 
trend relative to both porphyry and monzonite. Another 
aspect of the work by Simon et al. is that given the copper 
and gold assay data and the sulphide ratios, it is possible to 
estimate the temperatures needed to form the gold 
mineralisation across the Bingham deposit (Phillips and 
Kruhulek, 2003). Estimates based on their work show 
temperatures near 500? C are required to produce the needed 
gold loadings across the low-grade core and most of the 
copper shell. Apparently, given high temperature, the only 
condition required to produce the high ratio of gold to 
copper in the porphyry trend is the abundance of bornite/ 
chalcocite (high copper to iron). 


Bingham drill logs indicate that chemically non-reactive 
rocks favour higher ratios of bornite-chalcocite to 
chalcopyrite than do reactive rocks; the monzonite and 
calcareous beds are both less favourable than quartzite. 
Where iron and calcium have been severely depleted by 
intense alteration along the porphyry trend, the intrusives 
are less reactive and these are the locations of high ratios 
of bornite/chalcocite to chalcopyrite. The abundance of 
bornite-chalcocite relative to chalcopyrite decreases away 
from the porphyry trend in all rock types providing a reason 
for lower gold content outside the trend even where 
temperatures were high. Host rock chemistry may at least 
partly explain the variation in the ratio of bornite-chalcocite 
to chalcopyrite and thereby the gold/copper ratio, however, 
fracture frequency must be added to temperature and host 
rock effects in order to fully account for the high copper 
and gold grades of the porphyry trend. 


The monzonite fracture dome predates most (or all?) of 
the fracturing associated with the porphyry intrusions and 
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provided the initial paths for sulphide introduction. The 
cooling of the later porphyry intrusions reopened old 
fractures and created new ones throughout the fracture 
dome, but the cycles of sheeted and stockwork fractures 
were stronger in the porphyry trend, providing greater 
access for the ore forming fluids than elsewhere. This 
increase in fluid flow facilitated more intense mineralisation 
and alteration along the porphyry trend. Variation in 
fracture patterns and therefore vein density, controls the 
amount of mineralisation, temperature variation from the 
low-grade core outward controls gold loadings in the 
sulphides and perhaps the type and quantity of sulphide, 
and finally, host rock chemistry influences the ratio of 
bornite-chalcocite/chalcopyrite and thereby the ratio of 
Au/Cu. 


Age Dates and Genesis of the Orebody 


Table ] summarises tbe radiometric age dates and the 
sequence of geologic events that fit those dates. Before 
any event recorded in the orebody, the monzonite formed a 
large volcanic edifice and heated the surrounding wall 
rocks. The first age date, 38.55 Ma (U/Pb, Parry, et al., 
2001), is for the unaltered Last Chance Stock located 
adjacent to the Bingham Stock on the southwest. The two 
stocks are accepted as time equivalents. The fracture dome 
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formed between this date and the 38.45 + 0.19 Ma age 
determined for the fracture controlled hydrothermal 
actinolite. John (1978) stated that actinolite was a precursor 
to the biotite alteration in the monzonite and the first biotite 
is assumed to be close to this age also. The sequential 
formation of the fracture dome followed by hydrothermal 
actinolite and earliest biotite alteration occurred 
immediately after the crystallisation of the monzonite. The 
first chalcopyrite mineralisation in the monzonite may also 
have been in place before the quartz monzonite porphyry 
intruded the north flank of the monzonite. The fracture 
dome and the concentric alteration zoning in the monzonite 
are independent of the quartz monzonite porphyry, this plus 
the immediate onset of hydrothermal actinolite alteration 
suggest the intrusion of the porphyry after the initiation of 
potassic alteration and mineralisation. The common 
absence of sharp contacts between the monzonite and the 
quartz monzonite porphyry indicates that a large mass of 
rock remained at high temperature. 


The quartz monzonite porphyry intruded the monzonite, 
cooled and was intensely fractured, including minutely 
sheeted zones parallel to the east-northeast porphyry trend. 
Six episodes of fracture and vein formation followed this 
intrusion (Redmond er al., 2002), each with associated 


Age Dates Dated Events Undated Geologic Events 
intrusion of mz, venting, heating wallrocks, cooling of stack 
38.55 + 0.16 X LAST CHANCE STOCK MONZONITE 
7 fracture dome in Bingham monzonite 
38.4 * 0.16 X hydrothermal actinolite 
? biotite plus chalcopyrite form early ore shell in fracture dome 
? QUARTZ MONZONITE PORPHYRY INTRUSION 
cooling produces fractures 
? sequence of 7 potassic vein types 
? LATITE PORPHYRY INTRUSION 
? cooling produces fractures 
? sequence of 6 potassic vein types 
? BIOTITE PORPHYRY DYKE 
7 cooling produces fractures 
sequence of 6 potassic vein types * 
37.811 0.20 X vein sericite cutting biotite alteration in monzonite 
QUARTZ LATITE PORPHYRY BRECCIA 
? cooling produces fractures 
? sequence of 6 potassic vein types, 
60% of Cu mineralisation completed in the porphyry trend 
37.72 1 0.09 X QUARTZ LATITE PORPHYRY DYKE 
? cooling produces fractures 
37.57 0,11 X biotite age in monzonite earlier part of 6 vein sequence 
37.07 + 0.21 X biotite age in quartz monzonite porphyry last potassic aiteration 
37.0 £0.27 X molybdenite age most of copper mineralisatlon completed 
?? LATE STAGE 
7? pyrite 
2? cataclastic fracture 


* Vein cycles described by Redmond et al., (2002) 


bornite digenite chalcopyrite 


Table 1: Age dates and actual or likely progression of geologic events, Bingham, Utah 
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potassic alteration and bn-cc-cpy mineralisation. 
Temperature measurements indicate that the earlier veins 
formed at 400 to >575° C while the latest veins formed 
below 400° C. The latest vein type was found to contain 
more sulphide than the earlier veins and fluid inclusions in 
the later veins contained an order of magnitude less copper 
than did the early veins. They concluđed that sulphide 
deposition was a function of cooling. This sequence of 
sheeted fractures, veining and mineralisation was cyclically 
repeated after each of the five porphyry intrusions creating 
a complex of cross-cutting vein relationships all part of the 
Bingham Main stage. Prior to intrusion of the latite 
porphyry, only 10% of the copper in the porphyry trend 
was in place. 


The irregular, often discontinuous masses of latite porphyry 
along the eastern margin of the quartz monzonite porphyry 
suggest that the older rocks were at high enough 
temperature to locally yield plastically to the intruding latite 
magma. The frequent absence of chilled margins also 
indicates high temperatures in the wall rocks. The cycle of 
veining that follows the latite porphyry dyke emplacement 
accounts for 5 times the copper that was introduced by the 
quartz monzonite porphyry vein cycle. Redmond et al., 
defined biotite porphyry and a quartz latite porphyry breccia 
that are both younger than latite porphyry but older than 
quartz latite porphyry and both are followed by a cycle of 
veining. Both these units are included wtth the quartz latite 
porphyry in the mine database and the volume of each is 
very small, No information is available to define the amount 
of total copper introduced in these two vein cycles. 


The sericitic vein at 37.81 + 0.02 Ma cuts Bingham Main 
stage potassic alteration in the monzonite and is essentially 
the same age as the quartz latite porphyry date of 37.72 + 
0.09 Ma, This vein event with galena and tetrahedrite 
seemingly denotes an interim of Late stage veining between 
cycles of potassic alteration and probably represents 
significant cooling of the stock mass before intrusion of 
the quartz latite sequence of dykes. The exact relationship 
of the sericite vein to the biotite porphyry and the quartz 
latite porphyry breccia is not known. The time span from 
the hydrothermal actinolite to the sericite vein and intrusion 
of the quartz latite porphyry is 600 000 years. 


A further 700 000 years elapsed between the quartz latite 
porphyry intrusion and the end of the Bingham Main stage. 
This time is constrained by the date for the quartz latite 
porphyry and a Re/Os date of 37.0 + 0.27 Ma for 
molybdenite in late molybdenite rich veins (Chesley and 
Ruiz, 1997). A biotite date in the quartz monzonite 
porphyry of 37.07 + 0.21 Ma is the same as the age of the 
molybdentte veins and should be the latest biotite alteration. 
This last cycle of potassic mineralisation accounts for 
possibly 40% of the total copper. Phillips ef al., (1997) 
and Redmond et al., (2002) both recognised that 
molybdenite rich veins mark the termination of potassic 
alteration. Much of the molybdenite veining must have 
been formed rapidly at the end of the Bingham main stage. 


There is no age date for the Late stage of Inan and Einaudi 
(2002). It is a sequence of sericite alteration with pyrite in 
veins and disseminated in the wall rock followed by 


brecciation of the veins and finally the introduction of 
bornite-chalcocite and chalcopyrite filling fractures in the 
quartz and pyrite. This Late stage cuts the quartz latite 
porphyry making it the last alteration phase rather than an 
earlier Late stage cycle as for the dated sericite vein tn 
monzonite. The Late stage is a widespread overprint of 
earlier mineralisation in the quartzite and represents a 
significant amount of the copper produced in this area. The 
authors believe that more work must be done to determine 
the relation to the quartz-sericite-pyrite and sericite-galena- 
tetrahedrite veins. 


While much emphasis is often placed on porphyntic rocks 
as the drivers of porphyry systems, at Bingham, the 
porphyritic rocks are little more than host material for 
mineralising solutions. The porphyries are associated with 
the fluids but are directly responsible for little of the fracture 
or mineralisation. The possible arrival of fluids in advance 
of the intrusions may explain the late barren porphyry seen 
in many porphyry districts, porphyries that followed their 
associated fluids. 


Changes in the Ore Body with Depth 


The original mine was 800 m above the current pit bottom 
and the reference material to the original geology consists 
of reports by Beeson (1917) and Butler (1920), scraps of 
information in the mine files and a collection of 24 samples. 
Beeson refers to the monzonite as the Dark Porphyry and 
Says it is extensively sericitised and silicified. Pyrite and 
chalcopyrite are the sulphide minerals that occupy most of 
his discussion of primary mineralisation. There is only 
minor mention of bornite with the comment that pyrite is 
uncommon where bomite is present. Bornite and chalcocite 
are mostly discussed as part of the thin enrichment zone. 
The Payroll porphyry (Light Porphyry) was said to outcrop 
boldly at the top of the mountain where it was white, 
silicified, sericitised and 200 feet (60 m) wide. Beeson 
concluded that this white rock was only an alteration of 
the Dark Porphyry. Beeson and Stringham (1953) both 
found apparently common examples of chalcopyrite 
rimming and replacing bornite/chalcocite. 


Butler (1920) said that the orthoclase was highly sericitised 
and that the Light Porphyry was white because of the 
sericite content and biotite that was bleached of all colour. 
He found abundant fine-grained silica and orthoclase 
flooding in the Light Porphyry and a north-easterly striking 
fault with northerly dip was found to separate the Light 
and Dark porphyries. The Light porphyry was said to 
locally have much better metal grade than the Dark 
porphyry. Most of the sulphides were disseminated and 
veins were relatively scarce. More recently, John (1978) 
noted that bomite in the concentrates increased significantly 
during the first 40 years of mining. 


In comparing the near surface ore deposit with that presently 
exposed, we find that the Light Porphyry was a combination 
of the quartz monzonite porphyry, latite porphyry and quartz 
latite porphyry. The alteration of the porphyry was similar 
to that in the present mine except there was more sericite 
and the width was locally narrowed to 60 m at the outcrop 
giving ita definite dyke form. The information from churn 


drill holes shows the quartz monzonite porphyry to have 
outcropped as two segments: the eastern segment about 
250 by 300 m in area and a western segment as a dyke not 
much more than 60 m wide and 250 m feet long. Bornite 
related to potassic alteration was weaker at the surface and 
was associated with pyrite as indicated by the few remaining 
samples. The little notice given to primary bornite by 
Beeson and Butler was due to a lower abundance of bornite 
relative to chalcopyrite. The total sulphide content of the 
ore was quite high, as much as 3 or 4 volume percent, 
perhaps double that presently mined. The association of 
extreme depletion of iron and calcium with the high 
copper/high bornite area(s) was also present as indicated 
by the bleaching of the rock and removal of all colour in 
biotite. 


The observation by Butler (1920) that orthoclase was highly 
sericitised is in sharp contrast to the present exposures 
where orthoclase is usually untouched by sericite. The rims 
of chalcopyrite on bornite and chalcocite plus ubiquitous 
pyrite suggest that there was a large component of 
mineralisation possibly related to the Late stage described 
in quartzite by Inan and Einaudi (2002). Both Marco 
Einaudi and Patrick Redmond have noted that the deep, 
high-grade bornite/chalcocite mineralisation is devoid of 
pyrite and that chalcopyrite is not in contact with chalcocite 
(pers. comm.) again a contrast with the high level samples 
where chalcopyrite is intimately mixed with chalcocite. 


Both Beeson and Butler refer to the monzonite as Dark 
Porphyry, suggesting a more porphyritic texture in the 
shallow ore body and also to silicification and sericitisation 
of the monzonite, which were apparently more strongly 
developed than in the deeper ore. Perhaps the porphyritic 
phases of the monzonite only locally noted in the present 
mine were more prevalent higher in the system. 


In the shallow workings, the relationship of the porphyry 
trend to the overall zoning was unchanged, the trend held 
tightly to the north wall of the orebody. Geologic sections 
of Bingham confirm that the western part of the deposit 
narrowed upward to the original topography and the 
alteration and mineralisation in the western pit wall grade 
down to the high-grade mineralisation at the western 
extremity of the quartz monzonite porphyry. This is a type 
of mineralisation that could not have been anticipated from 
evidence at the surface; it ts a blind body of mineralisation. 


Vein silica decreased upward, bornite decreased, pyrite 
became more common as did sericite and perhaps 
clay, sulphide content of the ore increased, the deposit 
narrowed and the western high prade centre pinched out or 
nearly so. 


Bingham, Why a Giant Porphyry Copper Deposit? 


Human factors determine what we see as size; tonnage or 
volume is only one parameter. Grade is the primary limit 
of deposit size and is perhaps the outstanding feature in 
any ore deposit. Other determinants of size are the physical 
mineability of the material. There are five concentric 
alteration/mineralisation zones in the Bingham deposit, a 
typical porphyry system as described by Lowell and 
Guilbert (1970). In searching for reasons for the immense 
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size of Bingham it is more important to look at the atypical 
features of the deposit: 


i). the upward change of the core zone from weakly 
veined and mineralised to strongly fractured and 
mineralised, 

ii). the porphyry trend of sheeted veins with high gold 
and copper grades associated with bornite and 
chalcocite, 

iii), the indications that the ore body was narrowing near 
the pre-mine topography, 

iv). the very early appearance of propylitic and potassic 
(?) alteration in monzonite followed by cyclic episodes 
of intrusion of porphyritic rocks, each followed by 
veining and metal introduction, 

v). massive flows of magmatic fluids well beyond the 
stock as indicated by extensive Bingham Main stage 
alteration and mineralisation of the quartzite as well 
as, 

vi). unusually large and high-grade bodies of skarn 
mineralisation; and 

vii). significant introduction of copper during the post 
potassic Late stage of mineralisation. 


Ballantyne et al., (1996), observed that: the intrusions at 
Bingham are superimposed rather than spread out and 
consequently the phases of mineralisation are all within 
one pipeline, the Bingham stock; that the coincidence of 
geologic structure and erosion were such as to allow 
discovery with but limited destruction or disruption of the 
mineral deposit and that the limestone beds are present at 
locations favourable to the formation of copper rich skams 
which were part of past production and contribute especially 
to the future resource. 


Phillips and Kruhulek (2003) noted the early formation of 
the fracture dome/copper shell cut by a later dyke/fracture 
zone, the porphyry trend. We note here that there were 
multiple centres of mineralisation. Redmond, et al., gives 
evidence for multiple episodes of veining and 
mineralisation after each of the porphyry intrusions. Innan 
and Einaudi (2002) document a Late stage of copper 
introduction that locally made a significant improvement 
to grade and/or an enlargement of reserves. Bumham 
(1979) and recently Maughan eż al., (2003), suggest high 
metal and water content of the parent magmas. 


Most of these characteristics of the geologic environment 
may contribute to size and grade at Bingham. In addition, 
the ore controls discussed above, collectively added to the 
resource. The character of the mineralisation provided good 
metallurgical recovery and concentrate grades, and the 
structure plus rock quality have allowed reasonable pit 
slopes. Gold, molybdenite and silver have added to the 
economics of mining copper at Bingham, allowing flexible 
cutoff grades and sometimes providing a cushion against 
poor copper prices. 
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remains one of the largest mines and ore bodies in the world 
and despite the attention of many well known geologists, 
we believe there is much yet to learn about its origins and 
the specific controls of grade and size. 
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PORPHYRY Cu-Mo DEPOSITS OF THE HIGHLAN D VALLEY DISTRICT, 


GUICHON CREEK BATHOLITH, BRITISH COLUMBIA, CANADA 


W.J. McMillan 


British Columbia Ministry of Energy and Mines (retired), Victoria, BC, Canada 


Abstract - Copper-molybdenum and copper-gold porphyry deposits in the Quesnel terrane occur in 
association with either calc-alkalic or alkalic intrusive suites respectively, emplaced within a succession of 
island arc volcanic rocks that are of Late Triassic to Middle Jurassic or Late Cretaceous to Eocene age. The 
Highland Valley porphyry district, in southern British Columbia, consists of five major copper-molybdenum 
deposits, Valley, Lornex, Bethlehem, Highmont and JA, located within a fifteen square kilometre area in the 
centre of the Guichon Creek batholith. The batholith is a Late Triassic calc-alkalic intrusion that REE data 
suggest was derived from either subducted oceanic crust or depleted mantle. The crystallisation age of the 
batholith, based on U-Pb zircon analyses, is 210 Ma. Mineralisation occurred in late magmatic and early 
post magmatic time. Oxide analyses suggest a single source magma but younger phases were locally injected 
into older due to tectonic forces. The earliest deposits occurred after separation of a fluid phase that is 
marked by a sharp discontinuity in the evolution path of the alkali oxides. 


The batholith is elongated northward and segmented by major northerly and northwest-striking faults that 
are intimately related to mineralisation. Most of the sulphide mineralisation is in fractures, veins, faults or 
breccia bodies, and all the deposits are hosted entirely within the rocks of the granodiorite batholith. In 
general, early potassic and propylitic alteration are overprinted by later phyllic and argillic alteration. In 
more detail, complications 1n cross-cutting alteration and vein relationships suggest local influxes of hotter 
aqueous solutions. Phyllic alteration is characterised by the formation of both microscopic sericite and 
medium grained ‘flaky sericite’ (muscovite). Principal hypogene metallic minerals in the deposits are bornite, 
chalcopyrite, molybdenite and pyrite. Only the Lomex and Valley deposits remain in production in 2004. 
For these two deposits, the total ore milled to the end of 2002 has exceeded a billion tonnes. As of December 
31, 2002, remaining reserves in the Lornex and Valley mine deposits are 296 million tonnes grading 0.42% 
copper and 0.008% molybdenum. 


The area is veneered by glacial deposits. Induced polarisation surveys have proven to be the most useful 
exploration tool for Highland Valley deposits, but silt, soil and lithogeochemical surveys, and alteration 
mapping can be effective, A regional lithogeochemical study showed generally high copper values (120 to 
100 ppm) in the older rocks of the batholith and less than 50 ppm in the younger rocks. A zone in which 
copper abundance is less that 10 ppm lies several kilometres south of the large, younger deposits, offers a 
potential source for much of the copper in them. 


Introduction 


The Highland Valley porphyry copper district is 
40 kilometres southeast of Cache Creek and 54 kilometres 
southwest of Kamloops in south central] British Columbia, 
Canada. The settmg and major deposits in the district, 
Bethlehem, JA, Highmont, Lornex and Valley mine were 
described in a series of papers in Canadian Institute of 
Mining and Metallurgy (CIM) Special Volume 15 and 
updated information on the Valley mine was presented in a 
paper in CIM Special Volume 46 (Casselman et al., 1995). 
At present, production continues only from the Valley and 
Lornex mines, which are operated by Highland Valley 
Copper, a partnership between Teck Cominco Limited 
(63.9%), BHP Billiton Limited (33.6%) and others. 


259 


Production at Bethlehem and Highmont has ended, and JA 
remains undeveloped. Getty Copper Corp. is investigating 
the potential of the Getty North (formerly Krain) and other 
deposits north of Highland Valley. Highland Valley Copper 
is now the largest mining operation in the province. In 
2002, daily mill throughput averaged 136 600 tonnes of 
ore grading 0.410% copper and 0.011% molybdenum. Total 
tonnages of ore milled to the end of 2002 are 404.7 million 
tonnes from Lomex with grades of 0.409% copper and 
0.014% molybdenum and 623.9 million tonnes from Valley 
with grades of 0.428% copper and 0.007% molybdenum. 
As of December 31, 2002, proven plus probable reserves 
in the Lornex and Valley mine deposits are 86.2 million 
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tonnes grading 0.356% copper and 0.011% molybdenum, 
and 209.6 million tonnes grading 0.445% copper and 
0.006% molybdenum respectively. 


This report presents a general overview of the camp, then 
more detail on the Valley mine deposit. Reports prepared 
and thesis studies carried out prior to publication of CIM 
Special Volume 15 are referenced in McMillan (1976); 
studies concluded between 1976 and 1984 are discussed in 
Geological Association of Canada, Mineral Deposits 
Division Field Guide and Reference Manual Series Number 
1 (McMillan, 1985), and updated material can be found in 
CIM Special Volume 46 (Casselman et af., 1995). 
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General Geological Setting 


Introduction 


The Highland Valley porphyry deposits are within the 
Guichon Creek batholith, one of a series of plutons that are 
associated and likely comagmatic with the Nicola Group, 
a succession of Late Triassic island arc volcanic rocks 
within the southern portion of the Quesnel Trough in the 
Intermontane belt. The Nicola Group volcanic rocks form 
part of a 30 to 60 km wide, north northwest-trending belt 
that extends from southern B.C. into the southern Yukon. 
This belt is enclosed by older rocks and invaded by 
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Figure 1: Location and general geology of the Guichon Creek batholith showing important Highland Valley porphyry 
copper-molybdcnum deposits (modified after McMillan, 1976, CIM Special Volume 15). 
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batholiths and smaller intrusives. Parts of the belt are 
obscured by subsequent depositional basins which contain 
Jurassic and Cretaceous volcanic and sedimentary rocks 
and Eocene, Miocene and Pliocene volcanic and associated 
sedimentary rocks. 


Tectonic Setting 


The island are host rocks of the Guichon Creek batholith 
are components of the Quesnel terrane, which is part of the 
Intermontane Super-terrane. The Super-terrane, which 
consists of the oceanic Slide Mountain and Cache Creek 
terranes and the island-arc Quesnel and Stikine terranes, 
originated offshore. Closure of the Slide Mountain ocean 
began in late Paleozoic time, and Stikinia, the Cache Creek 
Terrane and Quesnellia may have been linked 
(amalgamated) by latest Triassic time. Destruction of this 
ocean basin may in part be responsible for formation of 
the island-arcs. Worldwide, many porphyry deposits are 
closely related to consuming-margin, island-arc processes 
(Sawkins, 1990), and alkalic and calc-alkalic plutonic rocks 
generated along the Quesnel and Stikine arcs have 
associated porphyry copper-gold and copper-molybdenum 
deposits respectively. The calc-alkalic Guichon Creek 
batholith, which was emplaced into the Quesnel arc at about 
210 Ma (Mortimer et al., 1990), hosts the Highland Valley 
porphyry copper-molybdenum deposits. The deposits are 
interpreted to be of late-magmatic and early post-magmatic 
age. 


The Intermontane Super-terrane began to impinge on the 
North American craton in mid-Jurassic time, circa 184 Ma 
(Nixon et al., 1993) . Apparently, complete closure of the 
Slide Mountain ocean resulted in mid to late Jurassic 
thrusting of Cache Creek rocks over Quesnellia (Mortimer, 
1986) and mid-Jurassic to early Cretaceous thrusting of 
the Slide Mountain and to a lesser extent Quesnellia 
allochthons onto the miogeocline. Researchers using 
Lithoprobe vibroseismic (Cook et al., 1992) and refraction 
seismic (Zelt et a/., 1992) survey data for the Intermontane 
belt identified strong, west-dipping reflectors. One of these, 
perhaps an extension of the Coldwater fault, apparently 
decouples the Guichon Creek batholith from its basement. 
The reflector is about 10 to 15 km deep, well below the 
gravity-indicated depth of all but the root zone of the 
batholith (Ager ef al., 1973). It is likely that movement on 
this decoupling fault or faults post-dates mineralisation. 
The faults probably originated during Mesozoic to early 
Tertiary compression that occurred when Quesnellia docked 
with north America, and became reactivated during Eocene 
extension. 


Geology 


The Guichon Creek batholith is a large, composite intrusion 
with a surface area of about 1000 square kilometres (Fig. 1). 
A cluster of 5 major porphyry copper deposits lie within a 
15 square kilometre zone in the centre of the batholith. The 
detailed geology and setting of the batholith are described 
by Northcote (1969), McMillan (1976, 1983, 1985) and 
Monger and McMillan (1989). 


The batholith is a semi-concordant composite intrusive that 
is elliptical and elongated slightly west of north. Its average 
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width is 20 km and its average length 65 km. This 
elongation is interpreted to reflect the influence of deep- 
seated structures and emplacement during tectonic activity. 
McMillan (1976) interpreted weakly developed foliation 
in the granitic rocks as a magmatic feature. Ned Brown 
(Pers. Comm., 2000) reviewed the field data and also 
concluded that the foliation was largely magmatic, but was 
locally controlled by tectonism. For example, under the 
roof of the batholith the magmatic fabric in the underlying 
pluton parallels the schistose fabric in the roof rocks. In 
other parts of the pluton the fabric more closely follows 
phase boundaries and may not be tectonically controlled. 
A geological and gravity model (Ager, McMillan and 
Ulrych, 1973) indicates that the batholith has steep eastern 
and western edges, but 1s relatively shallow and flat- 
bottomed north and south of Highland Valley. A central, 
steeply plunging root or feeder zone is inferred under 
Highland Valley (Fig. 2). The steep plunge implies that 
there has been post-emplacement tilting of the batholith. 
All the known major deposits lie around the projection of 
the root zone to surface. 


The batholith intrudes and metamorphoses Late Triassic 
Carnian to Norian-aged island arc volcanic and associated 
sedimentary rocks of the Nicola Group. Adjacent to the 
contact, a metamorphic halo up to 500 metres wide 
developed. Close to the granite contact, assemblages are 
typical of the homblende hornfels facies, further out, albite- 
epidote facies are typical (Northcote, 1969). 


Rocks at the border of the batholith àre older and more 
mafic; successive phases moving inward toward the core 
are younger and more felsic. Thus, rocks of the batholith 
range from relatively melanocratic, medium grained diorite 
and quartz diorite (tonalite) at the border through to 


` relatively leucocratic, coarser grained granodiorite in the 


core, The phases are nearly concentric in plan view. 
Although contacts can be sharp, they are generally 
gradational; chilled contacts are unusual. Some phases 
clearly intrude others and illustrate their relative ages 
through dykes, contact brecciation, xenoliths and local finer 
grained contacts. Other units are completely gradational, 
A phase may show intrusive contacts with another phase 
in one area but grade into the same unit elsewhere. 
Northcote (1969) and McMillan (1976) concluded that 
generally successive pulses of magma were injected before 
the preceding phase was completely solidified. 


Chemically, the Guichon Creek batholith is a calc-alkaline 
(Fig. 3), I-type intrusion (McMillan, 1976). Variations in 
the major and minor element geochemistry indicate that 
there are local areas of assimilated country rock in the 
border zone of the intrusion. In outcrop, these areas have 
inclusions of amphibolite and granitised sedimentary and 
volcanic rocks, and also show compositional variations, 
for example much lower or higher than average silica. Total 
rare earth element (TREE) values in the batholith are low 
and phases show only slightly positive or no europium 
anomalies. Hornblende is the main carrier of Rare Earth 
Elements (REE), so as hornblende was removed by 
fractional crystallisation REE, other than Eu, became 
depleted in the remaining magma; all homblendes analysed 
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Figure 2: Northeast-southwest section across the Guichon Creek batholith based on 
interpretation of the gravity profile and surfacc gcology looking northwest. (After Ager 


et al., 1973) 


had pronounced negative Eu anomalies (Fig. 4). In the 
Guichon Creek batholith, TREE abundances in hornblendes 
increase in successively younger phases and heavy to light 
REE ratios increase (Nie-Fengjun et al., 1989). However, 
because mafic abundances are much lower in the younger 
phases, TREE values are lower in these phases. Source 
rocks that are likely to produce magmas with these kinds 
of REE signatures are either depleted mantle or subducted 
oceanic crust, 


The REE data indicate that evolution of the Guichon Creek 
batholith took place through fractional crystallisation 
involving hornblende, sphene and apatite (Nie-Fengjun ef 
al., 1989). Based on major and minor element analyses, 
Johan and McMillan (1980) interpreted evolution to be due 
to fractional crystallisation with early cumulates containing 
abundant plagioclase with pyroxene, amphibole and 
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Figure 3: Ternary plot of alkalis, total iron and magnesium for 
rocks of the Guichon Creek batholith. Alkalic and 
tholciitic trend lines are plotted for reference; the analyses 
show a clear calc-alkalic trend (modificd after McMillan and 
Johan, 1981). 
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magnetite, later joined by biotite during crystallisation of 
the “younger phases” (see legend, Fig. 1). Local pyroxene 
cores preserved in amphiboles in Border phase diorites add 
credence to this interpretation. For the younger phases, 
the REE patterns also suggest either that new melt was 
injected or that crystallised rocks remelted and became 
incorporated into the magma (Nie-Fengjun et al., 1989). 


MeMillan (1976), McMillan and Johan (1981), McMillan 
(1982) and Tombale (1984) concluded that the phases of 
the batholith were derived from a single source magma. 
Oxides other than the alkalis have smooth evolutionary 
curves. During crystallisation of the older (Border and 
Highland Valley) phases, the trend was toward both 
potassium and sodium enrichment. However, between the 
older and younger phases there is a discontinuity in 
evolutionary trends. In the earliest of the younger phases 
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Figure 4: Rare earth element abundances normalised against 
chondrites for 10 samples of major phases of the Guichon 
Creek batholith (after Casselman et al., 1995, CIM Special 
Volume 46). 
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(Bethlehem phase), potassium is sharply lower relative to 
sodium and the trend looks trondhjemitic (Fig. 5), although 
if dykes are considered, subsequent evolution was again 
toward both sodium and potassium enrichment (Olade, 
1976; Briskey et al., 1981). McMillan and Johan (1981) 
interpreted this discontinuity to mark separation of a fluid 
phase within the crystallising magma. 


Ages of Intrusion and Mineralisation 


Isotopic dating in the batholith yielded potassium-argon 
ages averaging 20228 million years, rubidium-strontium 
ages of 205+10 million years (Preto e? al., 1979), and a 
uranium-lead zircon age of 210+3 million years (Mortimer 
et al., 1990). Initial strontium ratios are primitive, 0.7025 
to 0.7046 (Preto, et al., 1979), also suggesting that the 
magma was derived from the mantle or subducted oceanic 

` crustal material. Potassium-argon ages of hydrothermal 
muscovite range from 202+4 Ma (Jones, 1975) to 1923-8 Ma 
(Blanchflower, 1971). Considenng the lower closing 
temperature of the K-Ar system, these results suggest that 
the age of the hydrothermal alteration and mineralisation 
are slightly younger, but not significantly different than 
the age of crystallisation of the batholith. 


Younger Rock Packages 


Rapid uplift and erosion followed intrusion of the Guichon 
Creek batholith. By Early Jurassic time the batholith was 
locally unroofed and shedding debris into sedimentary 
basins now preserved along its north and northwest flanks 
as the Ashcroft Formation. Where exposed, the contact 
between the Ashcroft Formation sediments and the Nicola 
Group volcanic country rock is an angular unconformity 
(McMillan, 1974), and locally Ashcroft Formation 
conglomerates unconformably overlie rocks of the 
batholith. 
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Figure 5: Ternary plot of alkalis versus lime for major phases 
of the Guichon Creek batholith, There is a ‘discontinuity 
in the evolution path between the ‘older’ and ‘younger’ phases 
(sec legend Fig. ۱ for explanation of terms), After McMillan 
and Johan (1981). 
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Two younger volcanic-dominated successions are important 
in the area. Anorthwest trending belt of Late Albian (Irving 
and Thorkelson, 1990) continental volcanic and 
sedimentary rocks unconformably overlie both the Nicola 
Group country rock and intrusive rocks along the southwest 
flank of the batholith. The distribution of Spences Bridge 
Group rocks was locally controlled by reactivation of older 
faults, like the Lornex fault, that were important controls 
for Cu-Mo mineralisation in the batholith. As well, Tertiary 
continental volcanic and sediments cover extensive areas 
of the batholith, overlie Triassic and Jurassic rocks from 
north of Highland Valley to the Thompson River, form 
isolated outliers, fill fault-bounded valleys, and form local 
intrusive centres within the batholith. 


A thin layer of glacial deposits covers much of the batholith. 
In the Highland Valley, Pleistocene stratigraphy is complex; 
the area was influenced by three or possibly four major 
glaciations. In general, near the Valley mine, Bobrowsky 
et al. (1992) reported that the Highland Valley is infilled 
by a thin basal unit of weathered bedrock covered by fluvial 
fan deposits overlain by a thick sequence of thin-bedded 
glacio-lacustrine rhythmites that are progressively coarser 
and thicker up section. This is in turn overlain by a 
moderately thick, well to poorly bedded sand and sandy 
gravel foreset bed complex formed by a series of 
prograding, coalescing delta fronts. Poorly sorted sand and 
gravel beds interbedded with clast-supported diamicton that 
represent outwash deposits in proglacial and subglacial 
environments followed. Subsequent intercalated subglacial 
outwash sands and gravels are overlain by basal till 
deposited as ice overrode the valley. Above the till ate 
sands, gravels and diamictons deposited in a superglacial 
environment that ended with braided stream deposition 
during in situ ice decay. Local stratified sand and marl 
with interbeds of peat represent Holocene deposits formed 
in depressions formerly occupied by stagnating ice blocks. 


General Structure of the Guichon Creek 
Batholith 


The batholith is internally subdivided into segments by 
northerly and north-westerly to westerly striking faults. The 
major northerly structures are the central Lornex fault, the 
bounding Guichon Creek fault to the east and the Bonaparte 
disturbed zone to the west (Fig. 1). The major north- 
westerly structures occupy, from south to north, Skuhun 
Creek, Highland Valley and Barnes Creek. Dykes fill 
large-scale tension fractures that have orientations similar 
to those of the major faults. The most important are the 
north-westerly striking Gnawed Mountain dyke, and the 
northerly striking dyke swarms that extend from the Skuhun 
Creek fault through the Highland Valley to the Barnes Creek 
fault (McMilian, 1976). 


The major faults may reflect reactivation of oider regional 
structures. Those that cut the batholith originated in the 
Mesozoic, prior to mineralisation, and have been 
periodically reactivated at least until the Tertiary. During 
formation of the deposits they apparently channelled 
hydrothermal fluids into faulted, fractured and brecciated 
sites where conditions led to deposition of metallic minerals. 
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Later movement on the faults may have influenced the 
distribution of Jurassic sediments, and they locally 
influenced the distribution of Cretaceous and Tertiary strata. 
Early movement on the Lornex fault was dextral and 
perhaps reverse, but block faulting occurred during the 
Cretaceous and Tertiary events. 


Regional Alteration Assemblages and 
Patterns 


Away from the mineral deposits, virtually every thin section 
reviewed during mapping of the Guichon Creek batholith 
displayed weak deuteric alteration. Further, alteration and 
veining on mineralised joints was widespread. 


Reconnaissance alteration mapping in the batholith by 
Casselman from 1980 until 1983 defined distal, regionally 
Significant green sericite vein and chlorite (epidote) vein 
alteration types (Casselman ef af., 1995). Rocks with distal 
alteration assemblages are weakly to strongly fractured, 
and the intensity of alteration is commonly directly 
proportional to the spacing of fractures. In areas mapped 
as moderately to strongly altered, alteration occurs along 
more than 20% of the fractures developed in 50% of the 
outcrops present. In areas of weak alteration, between 5 and 
20% of the fractures in 50% of the outcrops are affected. 


Distal green sericite alteration ranges from thin coatings 
on fractures to pervasive replacement of whole feldspar 
grains adjacent to the fractures. In thin section the green 
altered feldspar consists dominantly of sericite with lesser 
and variable amounts of chlorite, kaolinite and carbonate. 
The chlorite (epidote) vein-type alteration coats fracture 
planes, forms veinlets and replaces mafic minerals. Epidote 
and, less commonly, quartz or carbonate may accompany 
the chlorite, and occur locally as separate veinlets. Most 
mafic minerals in the batholith are chloritised to some 
degree, so chlorite alteration was only considered to 
represent distal hydrothermal alteration if it was 
accompanied by fracture fillings or veinlets. 


The type of vein alteration developed depends strongly on 
the composition of the host rock; mainly green sericite veins 
characterise the more felsic Skeena and Bethsaida phases, 
but chlorite (epidote) veins predominate in the earlier, more 
mafic phases of the batholith. However, close to the five 
main deposits and other significant copper-molybdenum 
or copper-iron (hematite) showings, both vein types 
commonly develop regardless of the composition of the 
host rock. 


The composite zone defined by these distal, vein-controlled 
alteration-types encloses the proximal alteration 
assemblages associated with the major ore deposits. 
Proximal alteration and veining types include potassic 
(potassic feldspar and hydrothermal biotite), phyllic, argillic 
and propylitic. 1f the distribution of the distal alteration 
zones had been determined during the early stages of 
exploration in the district, it would have focused attention 
on the productive core area of the batholith. 


Individually, the areas of sericite and chlorite alteration 
respectively form ovoid, north to north-westerly trending 
zones. Taken together they form a crudely oval area 


approximately 20 by 30 kilometres in size. About half the 
outcrops within this area have been effected to some degree 
by one or the other of the distal alteration-types (Casselman 
et al., 1995). Smaller zones of similar alteration that occur 
outside this area are structurally controlled and often 
associated with small Cu-Mo and Cu-hematite showings. 
Overall, Casselman found that moderately to strongly 
developed distal alteration zones enclosed each of the five 
main deposits and formed extensions outward from these 
deposits along the Lornex and Highland Valley faults. 


General Geology of the Highland Valley 
Ore Deposits 


Ore Deposits: General Formation Model 


Significant porphyry deposits in the Guichon Creek 
batholith (Table 1) are confined to the central part of the” 
intrusion (Fig. 1). McMillan (1976, 1982) and others 
(Westerman, 1970; Olade 1974; Johan and McMillan, 
1980) present evidence to relate mineralisation to 
separation of a fluid phase due to water saturation in the 
evolving, crystallising magma. Metals and other mobile 
elements were scavenged into this fluid. Significantly, the 
first mineralising event, which closely follows 
emplacement of the Bethlehem phase, also corresponds 
with the first major episode of dyking and formation of 
breccia bodies in the batholith. The Bethlehem deposits, 
Getty North (formerly Krain), Getty South (formerly South 
Seas or Trojan) and other mineralised zones resulted. The 
second, and most significant mineralising event, which 
formed the Valley, Lornex, Highmont, JA and several 
smaller deposits, followed emplacement of the Bethsaida 
phase, the youngest major phase of the batholith. Dyke 
emplacement and breccia formation also occurred during 
this event. Most of the mineralisation is structurally 
controlled, although sulphides replacing mafic minerals 
are important in more mafic host rocks, such as those at 
Getty North. Grades in the deposits are best in areas where 
a number of closely spaced fracture swarms intersect, 


Geological Settings of the Deposits 


Highland Valley porphyry deposits occur either in younger 
phase rocks, or in dyke swarms and intrusive breccias 
associated with younger phase rocks. The various 
Bethlehem Copper deposits occur close to contacts along 
which Bethlehem phase granodiorites intrude more mafic 
Guichon granodiorites. Mineralisation occurs along 
fractures and veins in the granodiorites, in intrusive 
breccias, and in dacite porphyry dykes, although not all 
the dykes are mineralised (Briskey and Bellamy, 1976). 
North of Bethlehem, many showings and two moderate- 
sized deposits are known. Getty South (formerly South 
Seas) mineralisation is in a breccia pipe cutting Guichon 
granodiorite. It has associated porphyry dykes similar to 
those at Bethlehem. Getty North (formerly Krain) 
mineralisation is also in Guichon granodiorite and is 
associated with porphyry dykes and a sheet-like body of 
Bethlehem granodiorite (Christie, 1976). 


The Highmont deposits are largely in Skeena granodiorite 
adjacent to the large, composite Gnawed Mountain dyke. 


The dyke is largely pre-ore and is weakly to moderately 
well mineralised in the ore zones. Breccia bodies occur at 
Highmont but do not host significant reserves (Reed and 
Jambor, 1976). Lornex has a thick quartz porphyry dyke 
at its south end but mineralisation is mainly in Skeena 
granodiorite close to the contact with the Bethsaida 
granodiorite, the youngest major phase of the batholith 
(Waldner el al., 1976). Valley mine mineralisation is almost 
entirely within the Bethsaida granodiorite; porphyry dykes 
are present but volumetrically insignificant, and no breccia 
bodies are known (Casselman et al., 1995). 


Structural Characteristics of the Deposits 


Most copper and molybdenum mineralisation in Highland 
Valley deposits is fracture controlled. As a generalisation, 
better grades occur where fracture density is high or where 
several sets of fracture swarms overlap. Except where mafic 
minerals are relatively abundant, little truly disseminated 
mineralisation is present, although sulphides do occur in 
alteration zones that fringe veins and fractures in all the 
deposits. 


The Lornex fault is well defined between Skuhun Creek 
and Highland Valley, where it truncates the Lornex deposit 
on the west and the Valley mine on the east. Geologic 
contacts along this segment of the fault show 5 to 6 km of 
cumulative right-lateral offset. The dip of the fault near 
Lornex varies from moderate to steep toward the west 
(Waldner e al., 1976) but drilling at Valley mine indicates 
that the fault is nearly vertical there. Drill results also 
suggest that the fault splits into several strands south and 
perhaps east of Valley mine. Lineaments suggest that 
strands of the fault continue north of Highland Valley, but 
this is uncertain because outcrop is sparse and Tertiary 
volcanic cover extensive. The Lornex fault can be traced 
southward to beyond the Nicola River as lineaments on 
satellite images, topographic maps and airborne magnetic 
maps. Evidence indicates that movement on the Lornex 
fault occurred over a long span of time, beginning in the 
Mesozoic and continuing periodically into Tertiary time 
(McMillan, 1976). The elongated shape of the batholith 
suggests that a precursor to the fault controlled the 
emplacement and shape of the batholith (Carr, 1969). If, 
as Carr (1969) and Allen and Richardson (1970) speculated, 
the Valley mine and Lornex deposits were once joined, then 
dextral offset on the Lornex fault post-dates ore 
emplacement. It should be emphasised that the relationship 

between the fault and the ore bodies at Lornex and the 

Valley mine is not simple. Simply removing lateral offset 
between the two deposits does not produce matching 

geology, Cu-Mo grade patterns, alteration zones or sulphide 

zonation patterns. McMillan (1976) argued that the Valley 

mine formed at a deeper level under higher temperature 

conditions than the Lornex deposit but the amount of 
vertical offset on the Lornex fault is not closely constrained. 


The Tertiary block faulting created a pattern of horsts and _ 


grabens. For example, the area between the Highland 
Valley and Skuhun Creek faults is a horst and areas to the 
north and south are grabens (McMillan, 1976). A series of 
Tertiary basins occur along the Highland Valley and 
underlie Guichon Creek valley. This structural pattern 
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influenced the depth of erosion and consequently the level 
of exposure of the ore deposits. Depth of emplacement of 
the deposits was inferred based on the host rocks, variations 
in the intensity of alteration, and the presence of porphyry 
dyke swarms and intrusive to explosion breccias. From 
deepest to closest to surface the deposits apparently sort as 
follows: Valley mine, Lornex, Highmont and JA, the 
Bethlehem deposits and South Seas, then Krain (Fig. 6). 


General Characteristics of Alteration in the Deposits 


As with most other calc-alkaline porphyry deposits, the 
Lowell and Guilbert (1970) alteration model applies in a 
general way to Highland Valley deposits. However, as 
Guilbert pointed out during the 1992 Northwest Mining 
Association Porphyry Deposit short course, this model is a 
composite made from observations at several deposits. 
Thus not all the components occur in all the deposits. In 
general, the five main Highland Valley deposits have central 
potassic alteration, fringing propylitic alteration and central 
overlapping, partly overprinted phylltc and argillic 
alteration, similar to the distribution described by Gustafson 
and Hunt (1975) for the El Salvador deposit in Chile. Two 
deposits, Lornex and Valley, have central silicic zones. 


Tbe silicic alteration consists both of quartz veining and of 
pervasive silica flooding. The zone at Lornex plunges 
northward, is moderately developed, and is relatively well 
mineralised. That at Valley mine plunges northwest and is 
more intensely developed. Except at its fringe, it is 
generally poorly mineralised. 


Potassic alteration in Highland Valley deposits is defined 
by the distribution of hydrotherma! potassic feldspar or 
biotite. Valley mine has a moderately to strongly developed 
vein-controlled potassic feldspar alteration in the central, 
deeper parts of the deposit. Anhydrite is locally preserved 
in this zone, and magnetite-rich zones in the Salt and Pepper 
granodiorite are interpreted to be part of the potassic 
alteration assemblage. At JA, the carapace of the JA stock 
is flooded and veined with potassic feldspar. However, 
where grades of mineralisation are higher, the potassic 
mineral is secondary biotite. Perhaps the zone with potassic 
feldspar is related to emplacement of the stock rather than 
mineralisation. Remnant patches of weakly to moderately 
developed secondary biotite in the argillic alteration zone 
near the centre of the Lornex deposit suggest that a larger, 
coherent zone may have existed but is now largely 
overprinted. Bethlehem has a coherent, moderately 
developed, central biotite alteration zone. At JA and 
Highmont, hydrothermal biotite is widespread but the 
distribution is patchy; it is largely overprinted by younger 
chlorite alteration. At Highmont, Reed and Jambor (1976) 
found that the distribution of weak and sporadic remnants 
of pervasive hydrothermal biotite alteration more or less 
correspond to the mineralised zones. 


Phyllic alteration is well developed in Highland Valley 
deposits and grades out into argillic alteration. Tt consists 
of sericite and "flaky sericite” (muscovite) veinlets and 
fracture-controlled alteration zones as well as quartz 
veinlets with sericite and flaky sericite (muscovite) 
selvages. This vein-related alteration generally occurs 
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outboard of the potassic alteration zones, if present, and is 
widespread and moderately to strongly developed. It is an 
important copper ore host at the Valley mine and is 
widespread and moderately developed and mineralised at 
Lomex. A moderately developed zone of this kind flanks 
the potassic core zone in the Jersey zone at Bethlehem 
Copper. Phyllic alteration is only weakly developed in the 
Other major deposits. 


The term argillic alteration, as used here, consists of 
pervasive kaolinite and sericite development, with lesser 
montmorillonite. It is widely developed in Highland Valley 
deposits, but the intensity varies considerably between 
deposits. It is widespread and moderately to strongly 
developed at the Valley mine and at Lomex. It is stronger 
adjacent to vein-type phyllic alteration zones and also 
extends out to, or just beyond, the 0.1 percent copper 
isopleth in these deposits. It is moderately well developed 
at Bethlehem, and extends out to the 0.1 percent copper 
isopleth (Briskey and Bellamy, 1976). Argillic alteration 
is generally weakly developed at Highmont and in the JA 
deposit. Argillic alteration affects feldspars and, to a lesser 
extent, mafic minerals. Fracture-controlled argillic 
alteration also occurs. Kaolinite dominates in these 
moderately to intensely developed zones that occur mainly 
with late-stage faults and clearly overprint main stage 
alteration types. 


Propylitic alteration zones are generally outboard of and 
gradational with the argillic zones. All Highland Valley 
deposits have propylitic alteration halos, but the intensity 
varies with the original mafic mineral content of the altered 
rock. The halo in leucocratic rocks, as at the Valley mine, 
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is weakly developed and sporadic, whereas in more mafic 
rocks, such as at the Bethlehem mine, it is moderately to 
strongly developed. Propylitic alteration is weakly to 
locally moderately developed in the Lornex, JA and 
Highmont deposits. Except at Bethlehem, the propylitic 
zones typically contain much less than 1 percent pyrite; at 
Bethlehem the abundance approaches 1 percent. The 
distinguishing minerals of the propylitic assemblage are 
epidote, chlorite and pyrite. Microscopically, feldspars are 
altered to sericite, carbonate and clay minerals, and mafics 
to chlorite, carbonate and epidote, 


Late stage alteration minerals include carbonate, gypsum 
and zeolite. Typically these are in post-ore veins. 


Metal Zoning Patterns 


Metallic mineral zoning is generally well developed in 
Highland Valley deposits. The typical pattern is from 
bornite through chalcopyrite to a pyrite-dominated zone, 
albeit the pyrite content generally is 1 percent or less. The 
pattern may be nearly concentric, as at Bethlehem and 
Valley, or it may be elongated, as at JA, where the trends 
follow the contact of the stock, Highmont, where zoning is 
parallel to the contact of the Gnawed Mountain dyke, or 
Lomex, where zones follow the structure that controlled 
emplacement of the large quartz porphyry dyke. However, 
because grades are mainly controlled by structure, sulphide 
zoning does not consistently correlate closely with grade. 
Thus, although the bornite- dominant zones at Bethlehem, 
Lornex and Valley have better than average grades, the 
higher grade zones at Highmont and JA are in the 
chalcopyrite- dominant zone. 
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Figure 6: Cross section showing an 
interpretation of the relative 
depths and geologic settings of 
major Highland Valley deposits 
during their formation. 


Molybdenite abundance and distribution patterns change 
from deposit to deposit. Grades can be economically 
significant, as at Highmont, Lornex and JA, or barely 
recoverable, as at Bethlehem and the Valley mine. The 
distribution of molybdenum coincides in a general way with 
the distribution of copper, but the two are not identical. 
For example, at Highmont, Reed and Jambor (1976) report 
that the top of the molybdenite zone is below that of the 
copper zone and its base extends deeper. At the Valley 
mine and Lornex, the best molybdenum grades developed 
at the margins of the deposits. At JA the zone of most 
continuous molybdenite occurrences corresponds with the 
copper zone to the north, but extends beyond it in the south. 
At Bethlehem, molybdenum is erratically distributed. 


Geochemical Zoning Patterns 


Major and trace elements are zoned across the batholith as 
well as around Highland Valley deposits. Most major 
elements in the batholith show a smooth differentiation 
trend, but alkalis display a sudden decrease in the relative 
amount of potassium (Fig. 5), between the younger and 
older phases (McMillan and Johan, 1981; McMillan, 1982, 
1985). Tombale et al. (1985) report a decrease in K/Rb 
ratios during differentiation; they interpret this to represent 
fractional crystallisation involving both biotite and 
hornblende, and the effects of an aqueous phase. Minor 
elements fall into three groups; some have smooth 
differentiation trends, controlled by ferromagnesian 
minerals; some are influenced by Na, K and Ca abundances; 
and some, most notably Rb, Cu, U, Th, La and Zr, show a 
discontinuity between the older and younger phases 
(Brabec, 1971; McMillan, 1982). In the case of copper, 
this change is dramatic. In the older phases, average copper 
abundances range from more than 120 to about 100 parts 
per million; in the younger phases, the averages are from 
about 50 to less than 10 parts per million (Fig. 7). This 


Figure 7: Copper abundances for lithogeochemical samples of 
the major phases of the Guichon Creek batholith 
showing the outline of the youngest (Bethsaida) phase for 
reference (after McMillan, 1985). 
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dramatic change may mark the time of separation of a fluid 
phase from the water-saturated melt and partitioning of the 
more mobile elements into that fluid (McMillan and Johan, 
1981). 


Near the deposits, Olade (1974, 1976) and Osatenko and 
Jones (1976) documented the changes related to 
mineralisation. The lithophile elements Ca, Na, Mg, Sr, 
Ba and Mn, decrease from the borders of the deposits to 
their cores. For example, at the Valley mine, Osatenko 
and Jones report increasing intensity of leaching from the 
propylitic through the argillic into the phyllic zone. Other 
elements at the Valley mine tend to be enriched in the ore 
zone, notably Si, K, Rb, Fe and Ti. Olade reported similar 
patterns for the JA and Lornex deposits but documented 
Fe depletion in the core zones. He noted that potassic 
alteration zones gained Rb, Ba, Si, K and S, but lost Ca, 
Mg, Fe, Na and Al. Lithophile element depletion zones in 
the deposits more or less coincide with the various 
alteration zones, whereas femic elements, Zn, Mn, Ti, V, 
Ni, Co, Fe and Mg, are less mobile and tend to reflect host 
rock type. Anomalous sulphur and copper concentrations 
form halos up to 500 metres wide around the deposits. 


Applied Exploration Techniques 


Geochemical and geophysical techniques tried during 
exploration of the Guichon Creek batholith include silt and 
soil surveys, auger sampling at the bedrock contact, and 
induced polarisation, magnetometer, HLEM, and VLF-EM 
surveys. In the 1960's, silt and soil geochemical surveys 
were conducted over several of the five main deposits, but 
results were inconsistent due to the veneer of glacial 
overburden. Auger sampling near the bedrock surface was 
successful but too costly to be widely applied. Of the 
various geophysical methods tried, induced polarisation was 
the only tooi found to be consistently useful in locating 
and defining significant copper-molybdenum 
mineralisation. Casselman et al. (1995) discussed induced 
polarisation surveys conducted over the Valley, Bethsaida 
and Lornex deposits. These surveys outlined two anomalies 
enclosed within a broad, roughly circular, weakly 
anomalous area of 6-8 msec, 4.5 km in diameter. 
Background for the area is generally 3-5 msec. 


The Valley deposit was outlined by a roughly oval 10 msec 
chargeability contour 1750 m north-easterly by 950 m 
north-westerly in size. The 10 msec contour was, in part, 
roughly coincident with the 0.396 Cu contour defined by 
diamond drilling. The Bethsaida zone was outlined by a 
roughly oval 10 msec chargeability contour with axes 
1400 m east-west and 1000 m north-south. It is 1000 m 
southwest of the Valley mine and connected to it by the 
drill-defined 0.196 bedrock copper contour. Enclosed 
within the 10 msec contour was an oval, strongly anomalous 
area outlined by the 15 msec contour that is roughly 500 m 
east-west by 750 m north-south. Diamond and percussion 
drilling within the Bethsaida zone chargeability anomaly 
located a large area of 0.1 to 0.2% Cu enclosing smaller, 
poorly defined higher grade zones. At Lornex, the survey 
outlined a weakly anomalous northerly trending, hourglass- 
shaped anomaly 750 m by 2000 m in size. Chargeability 
was more than 5.0 msec, about twice background. 
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Valley Mine 


During the 1970’s attempts to develop the Valley mine were 
frustrated by rapidly escalating capital and operating costs, 
a four year copper price slump, and problems associated 
with joint ownership of the orebody. In 1981 Cominco 
purchased 100% ownership of both Valley Copper Mines 
and Bethlehem Copper Corporation, and formed the 
Highland Valley Copper Division of Cominco. In 1982, 
production at the Bethlehem Copper deposit ceased and 
pre-production development of the Valley mine orebody 
commenced. In January 1983 the company began milling 
Valley ore in the Bethlehem Copper concentrator. 


in 1985, discussions, precipitated by low metal prices, led 
Cominco and Lornex to bring together the two operations. 
The position of the Lornex mill, about an equal distance 
from the Lornex and Valley mines, made using the larger, 
higher grade Valley deposit to feed the modem, highly- 
efficient Lornex mill, attractive. The Highland Valley 
Copper partnership came into being on July 1, 1986; 
Cominco owned 55% and Lornex 45%; the two 
companies shared control and management equally 
(Hansen, 1987). 


In 1988, to take advantage of higher copper prices, the 
Partnership decided to increase daily production by merging 
with Teck’s Highmont operation, which closed in 1984 due 
to low molybdenite prices. To attain increased throughput, 
the Highmont mill was dismantled and relocated beside 
the Lomex mill. Ownership of the Highland Valley Copper 
operation now consisted of Cominco 50%, Rio Algom 
33.6%, Teck 13.9% and Highmont Mining 2.5%. 


The Company ranks second in the world on the basis of 
tonnes milled and ninth for copper production because of 
its relatively low grade ore. During 2002, approximately 
208 000 t were mined each day, of which 136 000 t were 
ore. Mill feed is dominantly from the Valley mine with the 
remainder from the Lomex mine. The mill processed 
49.8 Mt for the year that produced 447 000 dry tonnes of 
concentrate containing 176 090 t (386.7 million pounds) 
of copper and minor precious metals. Molybdenum 
concentrate production for the year was 4600 dry tonnes 
containing 2459 tonnes (5.4 million pounds) of 
molybdenum (Highland Valley Copper General Fact Sheet, 
May 2003). 


Ore Production and Reserves 


Ttable 1 below lists ore produced to December 31, 2002, 
and remaining proven plus probable reserves. 


Host Rocks 


The main host to the Valley mine mineralisation is 
porphyritic granodiorite of the Bethsaida phase of the 
Guichon Creek batholith. Rocks of the Bethsaida phase 
are medium to coarse grained with coarse phenocrysts of 
quartz and biotite. A typical modal composition (volume 
percent) is plagioclase 56%, potassic feldspar 10%, quartz 
29% and biotite 496. Accessory minerals are hornblende, 
magnetite, hematite, sphene, apatite and zircon, which make 
up the remaining 1% (Osatenko and Jones, 1976). 


Bethsaida “Salt and Pepper" granodiorite in the 
southeastern part of the deposit hosts the eastern part of 
the “Silicic Re-entrant”, a term applied to the siliceous core 
zone of the deposit. The granodiorite is only slightly 
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Figure 8: Plan view showing the distribution of major alteration types in the Valley deposit projected to the 1125 m 
level {after Casselman et al., 1995, CIM Special Volume 46). 
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porphyritic. It is medium grained and consists of quartz 
(20%), feldspar (60%), with plagioclase greatly in excess 
of potassic feldspar, biotite (5-10%), and magnetite, sphene, 
apatite and zircon. Quartz consists of anhedral aggregates 
of interstitial grains and orthoclase is interstitial and 
perthitic. Biotite is subhedral to euhedral. The Salt and 
Pepper granodiorite is cut by mineralised and later barren 
quartz veinlets. Chalcopyrite and bornite occur in quartz- 
potassic feldspar and quartz-flaky sericite veinlets and 
alteration zones. Based on composition, textures and 
contact relationships, Casselman et al. (1995) interpret the 
Salt and Pepper granodiorite as a younger variety of the 
Bethsaida granodiorite. 


Volumetrically, dykes are a minor component in the Valley 
deposit but several kinds occur. Granodioritic feldspar 
porphyry and quartz diorite porphyry dykes occur in the 
western, central and southern parts of the deposit. They 
vary in width from about 0.6 to 35 metres. Granodiorite 
feldspar porphyry consists of approximately 60% medium 
to coarse-grained plagioclase phenocrysts and a smal] 
number of quartz phenocrysts in a fine-grained matrix 
consisting of quartz, potassic feldspar and minor plagioclase 
with trace amounts of magnetite, hematite and biotite. 
Quartz diorite porphyry, which ranges from fine to coarse 
grained, contains up to 50% plagioclase and 8% quartz 
phenocrysts in a fine-grained matrix of quartz and 
plagioclase that contains minor amounts of potassic 
feldspar, magnetite and hematite (Osatenko and Jones, 
1976). These dykes are variably cut by mineralised 
fractures and quartz veinlets. A single potassium-argon 
determination on biotite from a porphyry dyke gave an 
apparent age of 204 + 4 Ma (Osatenko and Jones, 1976). 


Aplite dykes up to 0.3 m in width occur throughout the 
deposit. An average modal composition (volume percent) 
is potassic feldspar 45%, quartz 44%, plagioclase 10% and 
biotite 1%. The aplite dykes are of pre-mineralisation age 
because they are invariably cut by mineralised fractures. 


A swarm of tan-coloured felsite porphyry dykes intrude 
the Bethsaida granodiorite in the northwestern part of the 
deposit. These dykes, which are up to 4.5 metres in width, 
are characterised by a higher proportion of matrix (about 
80%) than the other porphyry dykes. Their matrix is light 
tan in colour and consists primarily of potassic feldspar 
and quartz. Phenocrysts make up 20% of the rock and 
include quartz, plagioclase, potassic feldspar and biotite. 
These dykes were intruded during the waning stages of 
mineralisation. Some contain inclusions of sericite-veined 
Bethsaida granodiorite, others contain disseminated 
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chalcopyrite and bornite and a scattering of mineralised 
quartz veins (Casselman ef al., 1995). 


Three types of lamprophyre dykes, spessartite, hornblende- 
vogesite and vogesite cut both the alteration and the 
mineralisation. A vogesite lamprophyre returned a 
potassium-argon age of 132 + 3 Ma (Jones, 1975). 


Alteration 


Alteration types recognised at Valley mine are silicic, 
potassic, phyllic, argillic, propylitic, biotitic and post- 
mineral veining. These alteration types are often intimately 
associated, even at the hand specimen scale. Except where 
otherwise acknowledged, data in this section are mainly 
after Osatenko and Jones (1976). A generalised plan view 
through the deposit showing the distribution of the major 
alteration types is depicted on Fig. 3. 


Silicic Alteration and Veining 


Stockworks of quartz veinlets are common at Valley mine. 
Most are 1 to 2 cm in width, but can be up to 25 cm thick. 
Type 1 veins are usually vuggy, and commonly have 
selvages of either medium-grained sericite, intergrown 
sericite and potassic feldspar, or potassic feldspar alone. 
They contain minor amounts of sericite, sericitised 
plagioclase, potassic feldspar, calcite, hematite, bornite, 
chalcopyrite, pyrite, molybdenite, digenite and covellite 
(Casselman et al., 1995). Type 2 veins are most abundant 
in the Silicic Re-entrant in the southeastern part of the 
deposit. Most are 2 to 5 mm in width, have no alteration 
envelopes, and carry essentially no sulphides. Both fine- 
grained and medium-grained varieties occur. Type 2 veins 
have sharp contacts with both weakly altered and 
pervasively altered country rocks; most contain minor 
amounts of potassic feldspar. Muscovite is notably absent. 


Potassic Álteration 


Jambor and McMillan (1976) and Bond and McMillan 
(1998) note that potassic feldspar alteration is especially 
common at deeper levels in the deposit. Secondary potassic 
feldspar is most common as disseminations in quartz 
veinlets, or replacing adjacent country rock. It also occurs 
as thin, fracture controlled replacement zones. In the phyllic 
alteration zone, potassic feldspar typically forms thin, 
discontinuous selvages at the edges of the sericite-quartz 
veins where it apparently replaces sericitised plagioclase 
or vein sericite. Microscopic grains of anhydrite are 
commonly associated with potassic feldspar and sericite 
alteration (Jambor and McMillan, 1976). 


Table 1: Ore produced to December 31, 2002, and remaining proven plus probable reserves 
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Cut-off is at an equivalent grade of 0,25% copper with a 2.0 times molybdenum factor. 
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Copper mineralisation is typically weak in the potassic 
feldspar alteration zones, and consists of chalcopyrite with 
trace amounts of bornite and molybdenite. Hydrothermal 
biotite (brown to green) is seen as overgrowths on primary 
biotite, replaces plagioclase and forms thin veinlets and 
replacement patches. 


A major zone of potassic feldspar alteration in the 
west-central part of the deposit is intimately associated with, 
and enveloped by an extensive zone of moderate to strong 
phyllic and argillic (pervasive kaolinite and sericite) 
alteration. These grade outward into a zone dominated by 
weak to moderate argillic alteration that is fringed by a 
mixed zone of weak to moderate propylitic alteration and 
areas with no hydrothermal alteration. Well developed 
barren quartz-veinlet stockworks occur in the Silicic 
Re-entrant in the southeastern part of the deposit. Although 
the core area of the Re-entrant is poorly mineralised; its 
Outer contact nearly coincides with the 0.36% copper 
isopleth. Aside from the Silicic-Re-entrant, quartz veinlets 
are only moderately developed within the ore zone but most 
of those present are mineralised. 


Phyllic Alteration 


Phyllic alteration is the most common alteration type 
associated with copper mineralisation at Valley mine (Bond 
and McMillan, 1998). It consists mainly of so-called flaky 
sericite, which is actually muscovite, and quartz. These 
occur both as replacement zones and as selvages on quartz 
veinlets. Sericite replacement zones follow fractures and 
range up to 3 cm in width. Most zones are vuggy, and their 
contacts are generally irregular and diffuse. Locally they 
contain narrow, discontinuous quartz veinlets and grade 
into the veinlet selvage type. Sericite borders on quartz 
veinlets range to 25 millimetres in width, but these widths 
do not correlate closely with the thickness of associated 
quartz veinlets. 


Flaky sericite replacement zones and veinlet envelopes 
consist predominantly of fine-grained quartz and medium- 
grained muscovite (Osatenko and Jones, 1976). Other 
components are calcite, brick-red hematite, altered feldspar, 
sericitised biotite, bornite, chalcopyrite, and trace amounts 
of pyrite and molybdenite. 


The mineralogy and contact relationships of vein sericite 
replacement zones and sericitic selvages on quartz veinlets 
are very similar and transitional types occur. Perhaps in 
some cases the original fractures that channelled the altering 
fluids were sealed by late stage quartz or earlier fractures 
were reopened and filled by quartz veinlets. 


Moderate to strong phyllic alteration occurs in areas of 
moderate to strong argillic alteration and fracturing. 
Although the zones closely follow the 0.3% Cu isopleth, 
the alteration may extend up to 100 m beyond it into lower 
grade zones. Areas of stronger phyllic alteration (greater 
than 15%) correlate closely with areas of greater than 
0.5% copper. Areas of moderate to strong phyllic alteration 
generally correlate well with areas of moderate to strong 
fracturing and moderate to strong argillic alteration 
(Casselman et al., 1995). 


Areas of moderate to strong secondary potassic feldspar 
alteration are also characterised by areas of moderate to 
strong fracturing, but they are spatially separated from 
phyllic and argillic alteration zones. Generally potassic 
alteration zones have less than 0.3% Cu content. Areas 
with propylitic alteration are characterised by weak 
fracturing and less than 0.15% Cu content (Casselman et al., 
1995). 


Argillic Alteration 


Argillic alteration, which is characterised by pervasive 
alteration of feldspar, is gradational into both pervasive 
phyllic and propylitic alteration. The intensity of argillic 
alteration development is directly related to fracture 
intensity. X-ray and thermo-gravimetric analysis show 
kaolinite to be the dominant clay mineral species in the 
deposit, although some montmorillonite occurs on its west 
side (Jones, 1975). Where pervasive argillic alteration is 
most intense, plagioclase is completely altered to a soft, 
green or white mixture of sericite, kaolinite, quartz and 
calcite. In these areas biotite is replaced by sericite, siderite, 
kaolinite and quartz; primary potassic feldspar is weakly 
altered to sericite and kaolinite; and magnetite is oxidised 
to hematite. Chalcopyrite, pyrite and sphalerite are present 
in trace amounts. 


Plagioclase grains in areas of moderate pervasive argillic 
alteration are from 15 to 40% altered. Moderate argillic 
alteration extends an average of 100 m beyond the 0.3% Cu 
isopleth. Those with strong argillic alteration, where 
plagioclase is more than 40% altered, closely coincide with 
areas of greater than 0.5% Cu content (Casselman et al., 
1995). 


Propylitic Alteration 


Propylitic alteration is mainly peripheral to the deposit in 
areas of little or no fracturing. It also forms small areas 
within the deposit and, to some extent, below the 853 m 
level on its west side. Propylitic alteration is characterised 
by weak to moderate alteration of plagioclase to clay, some 
sericite, epidote, clinozoisite, and calcite, and alteration of 
biotite to chlorite and epidote. Thermo-gravimetric 
analyses of composite samples suggests that a calcite-rich 
zone, with calcite contents up to 4.2%, surrounds the 
deposit; values within the deposit are about 1% (Osatenko 
and Jones, 1976). Despite these data, defining the propylitic 
alteration zone associated with the Valley mine is difficult 
because deuteric alteration produced a similar suite of 
minerals in the country rocks on a regional scale. Propylitic 
alteration zones within the deposit have low copper 
contents, and the peripheral propylitic alteration zone lies 
outside the 0.15% Cu isopleth (Bond and McMillan, 1998). 


Post-mineralisation Veining 


Late-stage gypsum, anhydrite (some is syn-ore), kaolinite 
and fluorite veinlets occur at Valley mine. Gypsum veinlets 
are the most common type and most are less than 2 mm in 
width. They form white to orange, fibrous crystal 
aggregates that are oriented perpendicular to wallrock 
contacts. Gypsum is most common in areas with potassic 
feldspar alteration; it is rare above the 1036 m level. 
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Perhaps significant hydrothermal alteration only occurred 
below this level (Jambor and McMillan, 1976) or perhaps 
gypsum deposited above this level dissolved once the zone 
was above the ground water table. 


Age Relationships 


Interpretations of the relative ages of phyllic (vein sericite) 
and adjacent argillic (pervasive kaolinite and sericite) 
alteration zones vary. Contacts between them are sharp to 
gradational and it has been argued that the argillic alteration 
zones adjacent to phyllic zones might constitute transitions 
toward unaltered rock (McMillan, 1976). Locally, however, 
flaky sericite replacement zones and veinlet envelopes with 
sharp contacts apparently crosscut and post-date the 
pervasive argillic alteration zones. In contrast, Reed and 
Jambor (1976) concluded that sericite in the argillic zones 
is residual, and the kaolinite 1s actually younger. They 
interpret the same alteration sequence for all the Highland 
Valley deposits with early potassic and propylitic alteration 
overprinted by phyllic then argillic alteration. 


Casselman et al. (1995) concluded that the main alteration 
types at the Valley mine have overlapping periods of 
formation. Based on crosscutting relationships they 
interpret the timing of alteration at the Valley mine as 
follows: 


1). Early potassic alteration developed in the core of the 
deposit and was fringed by a zone of weak propylitic 
alteration. Zones enriched in disseminated magnetite 
in the Silicic Re-entrant within the Bethsaida Salt and 
Pepper granodiorite may be remnants of the original 
potassic zone; Froese (1981) showed that magnetite, 
biotite and potassic feldspar can coexist in equilibrium 
in the potassic alteration zone. Subsequent alteration 
partially overprinted these original zones; 

il). Argillic alteration may have overlapped and followed 
next; 

iii). Fracture-controlled phyllic (vein sericitic) alteration 
can either be gradational with or cut the argillic 
(pervasive kaolinite-sericite) alteration, and quartz 
veinlets with phyllic envelopes consistently cut argillic 
alteration zones; 

iv). Casselman noted that quartz veinlets with 
disseminated or bordering secondary potassic feldspar 
cut both argillic and phyllic alteration zones; 

v). Barten quartz veinlets found in the Silicic 
Re-entranthave no evident alteration halos. Generally 
they cut both phyllic and potassic alteration zones. 
However, in some cases they are cut by veins with 
phyllic alteration. Casselman et al. (1995) argue that 
the lack of alteration rims on the barren veins indicates 
that they formed in equilibrium with the country rock, 
and may represent periods of influx of hotter 
magrnatic fluids. 


The overlapping and apparently contradictory alteration 
interrelationships led Casselman et al. (1995) to conclude 
that the hydrothermal system of the mineralising event was 
long-lived and cyclical. A factor that made interpretation 
difficult is that refracturing occurred along existing veins 
allowed new veins to be deposited along them. Overall, 
they felt that potassic alteration occurred during two or more 
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events, mineralised quartz veinlets formed mainly during 
the phyllic alteration event, but flaky sericite-quartz 
alteration zones and quartz veinlets with muscovite-sericite 
selvages continued to form through to the time when 
potassic feldspar-bearing barren quartz veins were being 
deposited. The barren quartz veinlets developed late in the 
mineralising process, near the waning stages of both the 
phyllic and the second potassic alteration events. Obviously 
interpretation of the relative ages of alteration sequences 
in the Highland Valley deposits continue to be a source of 
controversy. 


Grade and Metal Zoning 


Casselman et al. (1995) note that the copper grade zones at 
Valley mine arc elongated northwest-southeast and drape 
around the lower grade silicic re-entrant. The outer limit 
of the silicic re-entrant more or less conforms with the 
0.36% copper isopleth. The increase in copper grade in 
both vertical and latera! directions away from the silicic 
re-entrant reflects an increase in the frequency of 
mineralised fractures. The barren quartz vein stockwork 
in the Silicic Re-entrant sealed many fractures and diluted 
copper grades. 


Molybdenite mineralisation occurs as disseminations in 
crystalline sericite veins, fills fracture and shear zones, and 
occurs in late phase quartz veins. The quartz veins range 
from a few centimetres to 1.5 m in width and are usually 
mineralised with pyrite and chalcopyrite. Often, the 
molybdenum is distributed along multiple shears that 
parallel the borders of the veins resulting in a ribbon-like 
texture. 


Casselman et al. (1995) noted that the highest molybdenum 
grades, 0.011% and greater, generally occur outside the 
0.36% Cu isopleth in the western and northwestern parts 
of the deposit. Inside the 0.3696 Cu isopleth, molybdenum 
grades are generally less than 0.006% in the western part, 
and 0.006 to 0.011% in the central and eastern parts of the 
deposit. Two molybdenum-enriched areas in the upper 
central part of the deposit suggest that prior to erosion there, 
a more extensive zone of greater than 0.011% molybdenum 
may have capped the deposit. 


Relative Bornite Abundances 


Casselman et al. (1995) note that a large zone of 40% and 
higher bornite relative to bornite + chalcopyrite occupies 
the central part of the deposit. The outer margin of the 
bornite dominant zone partially coincides with, but in places 
extends up to about 200 m beyond the 0.3696 Cu isopleth. 
Within the zone, two areas of greater than 70% bornite 
generally exceed 0.3676 copper content. Bornite to bomite 
* chalcopyrite ratios decrease progressively away from the 
centre of the deposit and the outer margin ofthe 40 to 70 96 
zone closely follows the 0.16% Cu isopleth, although it 
extends about 100 m beyond it on the western side of the 
deposit. Outside the zone bornite is uncommon (Casselman 
et al., 1995). Although the total sulphide content within 
the Silicic Re-entrant is low, the bornite to bornite + 
chalcopyrite ratio is relatively high. 


Relative bornite percentages were based mainly on visual 
estimations of bornite to bornite + chalcopyrite ratios in 
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diamond drill core. However, point count studies of a 
number of sulphide concentrates prepared from reject assay 
material corroborated the visual estimates. 


Arsenic Zoning 


GT Metallurgical Services (1973) and Jones (1974) reported 
a minor amount of enargite associated with the primary 
copper sulphides. Arsenic values are variable but are on 
average below the penalty level imposed by smelters. 
Arsenic values in the copper concentrate indicate that 
enargite is generally more abundant in the bornite dominant 
zones (Casselman et al., 1995). 


Discussion 


The Highland Valley porphyry district within the Guichon 
Creek batholith is one of a number of copper-molybdenum 
and copper-gold porphyry deposits that occur in the Quesnel 
terrane tn association with either calc-alkalic or alkalic 
intrusive suites respectively, The intrusions were emplaced 
into a succession of island arc volcanic and associated rocks 
that are Of Late Triassic to Middle Jurassic or Late 
Cretaceous to Eocene age. The Guichon Creek batholith 
is a Late Triassic calc-alkalic intrusion that REE data 
suggest was derived from either subducted oceanic crust 
or depleted mantle. The crystallisation age of the batholith, 
based on the U-Pb zircon analyses, is 210 Ma. 
Mineralisation occurred in late magmatic and early post 
magmatic time. The porphyry deposits were formed in an 
island arc setting before what is now the Quesnel terrane 
was accreted to North America. 


The Guichon Creek batholith was derived from a single 
source magma but younger phases were locally injected 
into older due to tectonic forces. Cumulate crystallisation 
drove the differentiation and oxide analyses of less mobile 
major and trace elements have simple evolutionary curves. 
However, more mobile elements show a discontinuity 
between the older and younger phases of the batholith that 
is interpreted to mark partitioning of these elements into a 
fluid phase that separated when the crystallising magma 
became water saturated. The earliest porphyry deposits, 
which are accompanied by porphyry dyke swarms and 
breccia bodies, occurred after separation of this fluid phase. 


The batholith is elongated northward and segmented by 
major northerly and northwest-striking faults that are 
intimately related to mineralisation. Most of the sulphide 
mineralisation is in fractures, veins, faults or breccia bodies, 
and all the deposits are hosted entirely within the rocks of 
the granodiorite batholith. 


Alteration patterns are similar to those for other porphyry 
deposits but the intensity and mineralogy are influenced 
by the setting and the composition of the host rocks. In 
general, early potassic and propylitic alteration are 
overprinted by later phyllic and argillic alteration. In more 
detail, complications in cross-cutting alteration and vein 
relationships suggest local influxes of hotter aqueous 
solutions. Phyllic alteration is characterised by formation 
of both microscopic sericite and medium grained ‘flaky 
sericite’ (muscovite). Where host rocks are leucocratic, 
propylitic alteration halos are poorly developed. Principal 


hypogene metallic minerals in the deposits are bomite, 
chalcopyrite, molybdenite and pyrite. Pyrite abundances 
in the pyrite halos are 1% or less. 


Lithogeochemistry indicates a generally high copper 
background (120 to 100 ppm) in the older rocks of the 
batholith and less than 50 ppm in the younger rocks. A 
central zone with less that 10 ppm copper that lies several 
kilometres south of the deposits may have provided the 
copper in the younger deposits. From an exploration 
perspective, other granitic bodies with similar ‘negative 
geochemistry’, that is generally high lithogeochemical 
background levels of copper in the less differentiated 
phases, combined with a strongly depleted zone or zones 
within one of the more evolved phases may indicate 
potential for formation of major porphyry deposits in the 
body. 


Induced polarisation surveys have proven to be the mast 
useful exploration tool in this glaciated area, but alteration 
mapping, silt, soil and deposit-oriented lithogeochemical 
surveys can be effective. 


Acknowledgements 


Many exploration and mining geologists working in the 
Highland Valley area freely shared ideas, and this paper 
draws heavily on previously published works on the area, 
most notably Casselman ef af. (1995). Thanks are extended 
to the Canadian Institute of Mining, Metallurgy and 
Petroleum for permission to reproduce several diagrams 
from CIM Special Volume 46 in this paper. Thanks are 
extended to Highland Valley Mines staff for providing 
reserve, grade and production data. 


References 


Ager, C.A., McMillan, W.J. and Ulrych, T.J., 1973 - Gravity, 
magnetics and geology of the Guichon Creek 
batholith, B.C. Ministry of Energy, Mines and 
Petroleum Resources Bulletin 62, 18p. 

Allan, J, and Richardson, J., 1970 - The geological setting 
of the Valley Copper orebody, Canadian Institute 
of Mining and Metallurgy, Annual Meeting, 
Toronto, preprint. 

Blanchflower, J.D., 1971 - Isotopic dating of copper 
mineralization at Alwin and Valley properties, 
Highland Valley, British Columbia. Unpublished 
BSc thesis, The University of British Columbia, 
Vancouver. 

Bobrowsky, P.T., Kerr, D.E. and Sibbick, S.J., 1993 - Drift 
exploration studies, Valley Copper pit, Highland 
Valley Copper mine, British Columbia: 
Stratigraphy and sedimentology (921/6,7,10,11), 
in Geological Fieldwork 1992: British Columbia 
Ministry of Energy, Mines and Petroleum 
Resources Paper 1993-1, pp. 427-437. 

Bond, L. and McMillan, W.J., 1998 - Porphyry copper 
deposits of the Canadian Cordillera with Emphasis 
on plutonic types and the Highland Valley camp 
of South-central British Columbia, Annual 
Meeting 1998, Montreal, Canadian Institute of 
Mining, compact disc for Technical Program. 


Brabec, D., 1971 - A geochemical study of the Guichon 
Creek batholith, British Columbia; Unpublished 
PhD Thesis, The University of British Columbia, 
Vancouver, 

Briskey, J.A. and Bellamy, J.R., 1976 - Bethlehem Copper’s 
Jersey, East Jersey, Huestis and lona deposits; in 
Sutherland Brown, A., (Ed.), Porphyry deposits 
of the Canadian Cordillera: Canadian Institute of 
Mining and Metallurgy, Special Volume 15, 

pp. 105-119. 

Briskey, JA., Field, C.W. and Bellamy, J.R., 1981 - Geology, 
petrology and geochemistry of the Jersey, East 
Jersey, Huestis and lona porphyry 
copper-molybdenum deposits, Highland Valley, 
B.C.; in M. Silberman, C. Field and A. Berry 
(Eds.), Proceedings of the Symposium on Mineral 
Deposits of the Pacific Northwest, 1980: United 
States Geological Survey, Open File Report 
81-355, pp. 106-126. 

Carr, J.M., 1969 - Valley; in Annual Report, 1968: British 
Columbia Department of Mines and Petroleum 
Resources, 131p. 

Casselman, M_J., McMillan, W.J. and Newman, K.M., 1995 
- Highland Valley porphyry copper deposits near 
Kamloops, British Columbia. A review and update 
with emphasis on the Valley deposit; in T.G. 
Schroeter (Ed.), Porphyry Deposits of the 
Northwestern Cordillera of North America: 
Canadian Institute of Mining and Metallurgy, 
Special Volume 46, pp. 161-191. 

Christie, J.S., 1976 — Krain; in Sutherland Brown, A. (Ed.), 
Porphyry deposits of the Canadian Cordillera: 
Canadian Institute of Mining and Metallurgy, 
Special Volume 15, pp. 182-185. 

Cook F.A., Varsek, J.L., Clowes, R.M. Kanasewich, E.R., 
Spenser, E.S., Parrish, R.R., Brown, R.L., Carr, 
S.D., Johnson, B.J. and Price, R.A., 1992 - 
Lithoprobe crustal reflection cross section of the 
southern Canadian Cordillera 1: Foreland thrust 
and fold belt to Fraser River fault, Tectonics, 
v. 11, pp. 12-35. 

Froese, E., 1981 - Applications of thermodynamics in the 
study of mineral deposits, Geological Survey 
Canada, Paper 80-28, 38p. 

GT Metallurgical Services, 1993 - Distribution of arsenic 
in the Valley deposit, G7 Metallurgical Services, 
Kamloops, B.C., Unpublished internal report, 
Cominco Ltd. 

Gustafson, L.B. and Hunt, J.P., 1975 - The Porphyry Copper 
Deposit at El Salvador, Chile, Economic Geology, 
v. 70, pp. 857-912. 

Hansen, P., 1987 - Highland Valley Copper: A strategy for 
increased productivity, Canadian Institute of 
Mining and Metallurgy Bulletin, 80, No. 904, 
pp. 42-45. 

Irving, E. and Thorkelson, D.J., 1990 - Determining 
paleohorizontal and latitudinal shifts: 
Paleomagnetism of Spences Bridge Group, British 
Columbia, Journal of Geophysical Research, 
v. 95, pp. 19 213-19 234, 

Jambor, J.L. and McMillan, W.J., 1976 - Distribution and 


Highland Valley, Canada - W.J. McMillan 273 


origin of the “Gypsum Line” in the Valley Copper 
porphyry deposit, Highland Valley, British 
Columbia; in Report of activities, Geological 
Survey of Canada, Paper 76-1B, pp. 335-341. 

Johan, Z. and McMillan, W.J., 1980 - Possibilities 
d'Individualisation d'une Phase Fluide a partir 
d'un Bain silicate: Consequences geochimiques. 
Exemple du Batholith de Guichon Creek; in Johan, 
Z. (Coordinateur), Bureau de Récherches 
Géologiques et Miniéres, Memoire 99, pp. 85-94. 

Jones, M.B., 1975 - Hydrothermal alteration and 
mineralization of the Valley Copper deposit, 
Highland Valley, B.C., Unpublished PhD Thesis, 
Oregon State University. 

Lowell, J.D. and Guilbert, J.M., 1970 - Lateral and vertical 
alteration - Mineral zoning in porphyry ore 
deposits, Economic Geology, v. 65, pp. 373-408. 

McMillan, W.J., 1974 - Stratigraphic sections from the 
Jurassic Ashcroft Formation and the Triassic 
Nicola Group contiguous to the Guichon Creck 
batholith; in Geological Fieldwork, Ministry of 
Energy, Mines and Petroleum Resources, Paper 
1974-1, pp. 27-34. 

McMillan, W.J., 1976 - Geology and genesis of the 
Highland Valley ore deposits and the Guichon 
Creek batholith; in Sutherland Brown, A. (Ed.), 
Porphyry Deposits of the Canadian Cordillera, 
Canadian Institute of Mining and Metallurgy, 
Special Volume 15, pp. 85-104. 

McMillan, W.J., 1982 - The Behavior of U, Th and other 
trace elements during evolution of the Guichon 
Creek batholith, British Columbia; in Maurice, 
Y.T. (Ed.), Uranium in Granites, Geological 
Survey of Canada, Paper 81-23, pp. 49-54. 

McMillan, W.J., 1985 - Geology and ore deposits of the 
Highland Valley camp; in Sinclair, A.J. (Ed.), 
Mineral Deposits Division Field Guide and 
Reference Manual Series, Number 1, Geological 
Association of Canada, 121p. 

McMillan, W.J. and Johan, Z., 1981 - Rock geochemistry, 
geology and genesis of the Guichon Creek 
batholith in British Columbia, Canada, as it relates 
to Highland Valley ore deposits. in Silberman, 
M.L., Field, C.W. and Berry, A.L. 
(Eds.),.Proceedings of the Symposium on Mineral 
Deposits of the Pacific Northwest, 1980, United 
States Geological Survey, Open File report 81-355, 
pp. 84-105. 

Monger, J.W.H. and McMillan, W.J., 1989 - Geology, 
Ashcroft, British Columbia, Geological Survey of 
Canada, Map 49-1989, 1:250 000 scale. 

Mortimer, N., 1986 - Two belts of Late Triassic, arc-related, 
potassic igneous rocks in the North American 
Cordillera, Geology, v. 14, pp. 1035-1038. 

Mortimer, N., Van der Heyden, P, Armstrong, R.L. and 
Harakal, J. (1990): U-Pb and K-Ar dates related 
to the timing of magmatism and deformation in 
the Cache Creek Terrane and Quesnellia, southern 
British Columbia; Canadian Journal of Earth 
Sciences, v. 27, pp. 117-123 

Nie-Fengjun, McMillan, W.J. and Panteleyev, A., 1989 - 


a ee o o o ۹ 


274 North America 


Translated title: Petrological characteristics and 
rock-forming mechanism of the Guichon Creek 
batholith, Institute of Mineral Deposits, Chinese 
Academy of Geological Sciences Bulletin, 93-106, 

Nixon, G.T., Archibald, D.A. and Heaman, L.M., 1993 - 
49A r-?? Ar and U-Pb geochronometry of the Polaris 
Alaskan-type complex, British Columbia; Precise 
timing of Quesnellia-North America interaction 
[abs.], Geological Association Mineralogical 
Association Canada, Abstracts with Program, 18, 
A-76. 

Northcote, K.E., 1969 - Geology and geochronology of the 
Guichon Creek batholith, British Columbia 
Department of Mines and Petroleum Resources, 
Bulletin 56. 

Olade, M.A.D., 1974 - Bedrock geochemistry of porphyry 
copper deposits, Highland Valley, Unpublished 
PhD Thesis, The University of British Columbia. 

Olade, M.A.D., 1976 - Geochemical evolution of copper- 
bearing granitic rocks of the Guichon Creek 
batholith, British Columbia, Canada, Canadian 
Journal of Earth Sciences, v. 13, pp. 199-209. 

Osatenko, M.J. and Jones, M.B., 1976 - Valley Copper; in 
Sutherland Brown, A. (Ed.), Porphyry Deposits 
of the Canadian Cordillera, Canadian Institute of 
Mining and Metallurgy, Special Volume 15, 
pp. 130-143. 

Preto, V.A., Osatenko, M.J., McMillan, W.J. and Armstrong, 
R.L., 1979 - Isotopic dates and strontium isotopic 
ratios for plutonic and volcanic rocks in the 
Quesnel Trough and Nicola Belt, South Central 
B.C., Canadian Journal of Earth Sciences, v. 16, 
pp. 1658-1672. 

Reed, A.L. and Jambor, J.L., 1976 - Highmont: Linearly 
zoned copper-molybdenum porphyry deposits and 
their significance in the genesis of the Highland 
Valley ores; in Sutherland Brown, A. (Ed.), 
Porphyry Deposits of the Canadian Cordillera, 
Canadian Institute of Mining and Metallurgy, 
Special Volume 15, pp. 163-181. 

Sawkins, F.J., 1990 - Metal deposits in relation to plate 
tectonics, Springer-Verlag, Second Edition, 461p. 

Sutherland Brown, A. (1976): Morphology and 
Classification; in Sutherland Brown, A. (Ed.), 
Porphyry Deposits of the Canadian Cordillera, 
Canadian Institute of Mining and Metallurgy, 
Special Volume 15, pp. 44-51. 

Tombale, A.R., 1984 - An Interpretation of 
lithogeochemical data of the Guichon Creek 
batholith, Unpublished MSc thesis, The University 
of British Columbia, 141p. 

Tombale, A.R., Sinclair, A.J. and McMillan, W.J., 1985 - 
Variation of K/Rb ratio in the major units of the 
Guichon Creek batholith (921). in Geological 
Fieldwork 1984, British Columbia Ministry of 
Energy, Mines and Petroleum Resources, Paper 
1985-1, pp. 419-425. 

Waldner, M.W., Smith, G.D. and Willis, R.O., 1976 — 
Lornex; in Sutherland Brown, A. (Ed.), Porphyry 
Deposits of the Canadian Cordillera, Canadian 
Institute of Mining and Metallurgy, Special 


amam eee eee bie و‎ = PEE 


Volume 15, pp. 120-129. 

Westerman, C.J., 1970 - A petrogenic study ofthe Guichon 
Creek batholith, British Columbia, Unpublished 
MSc Thesis, 7he University of British Columbia. 

Zelt, B.C., Ellis, R.M., Clowes, R.M. Kanasewich, E.R., 
Asudeh, I., Luetgard, Z., Ikami, A., Spence, G.D. 
and Hyndman, R.D., 1992. Crust and upper mantle 
velocity structure of the Intermontane Belt, 
southern Canadian Cordillera, Canadian Journal 
of Earth Sciences, v. 29, pp. 1530-1548. 


» A ۱ : ۰ 
Biography 


275 


de «e e a 


276 


277 


BIOGRAPHIES OF PRINCIPAL AUTHORS - VOLUME 1 


e aa ce یس دص‎ a 


Steve Brown graduated from the University of Canberra in 1984, commencing his career as a 
mine geologist with Mount Isa Mines Limited at the Mount Isa Mine in northwest Queensland, 
working initially as a production geologist in the copper orebodies and in the cut and fill arcas of 
lead-zinc mine, before assuming responsibilities in the Ore Reserve section. After a brief period 
undertaking exploration in the Pilbara Block of Western Australia, Steve returned to Queensland 
in 1986 as an exploration geologist with Metana Minerals NL, focussing on exploration for 
Proterozoic Cu-Au deposits in the Mount Isa Block and Mesozoic epithermal gold in the Drummond 
Basin in eastern Queensland. After returning to Mount Isa Mines Limited in 1989, he occupied a 
number of positions before being appointed Regional Exploration Manager for north-west 
Queensland in 1992, a position he held until 1995. From mid 1994 he was also invoived in the 
feasibility study of the Bajo de la Alumbrera deposit for MIM Holdings Limited, and remained 
involved in that study until a decision to mine was adopted in late 1995. Following the successful 
completion of the Alumbrera feasibility study, he was appointed Exploration Manager - Argentina 
for MIM Exploration, a position he held until mid 1998. Since 1998, Steve has worked as a 
Consulting Geologist based in Mendoza, Argentina. He remains closely associated with the Bajo 
de la Alumbrera project, where he ts involved in project expansion and enhancement studies 
encompassing ore reserve, metallurgical and environmental issues. 


Contact details: E-mail: stevebrown@arnet.com.ar 


Francisco Camus graduated in Economic Geology from the School of Geology at the University 
of Chile in 1965. He is currently Corporate Exploration Manager (Gerente Corporativo de 
Exploraciones) for Codelco-Chile. He joined Codelco in 1990 and was responsible for forming 
and organising the corporate exploration group. His career started in 1966 at the El Teniente mine 
(formerly the Braden Copper Co.) as a mine geologist were he stayed until 1970 when he joined 
the Chilean Geological Survey (Instituto de Investigaciones Geológicas) for one year (1971), 
before returning to El Teniente to work as an exploration geologist from 1972 until 1975. Between 
1976 and 1981, he was an exploration geologist with Placermetal, a joint venture between Placer 
Development (now Placer Dome) and Elecmetal, a Chilean smelter. From 1981-1984 he worked 
as a Geological Consultant for numerous local and international mining companies before taking 
the position of Exploration Manager from 1984 to 1990 with Compañía Minera El Bronce, a 
medium size Chilean gold company. The focus of his work has been mine geology and exploration 
for porphyry copper and epithermal deposits and lately for IOCG orebodies, mainly in Chile, 
Mexico, Brasil, Ecuador, Argentina, Uruguay and Perú. During the three years from 1977 to 1979 
he was also a Lecturer on Evaluation of Mineral Deposits for the School of Geology at the University 
of Chile, He is author and co-author of more than 30 papers on a range of topics in Economic 
Geology that have been published in Chilean and international technical journals and books. His 
latest publication is a book on the “Geology of the Andean Porphyry Copper Deposits” (Geologia 
de los Sistemas Porfiricos en los Andes de Chile), published by the SERNAGEOMIN (Servicio 
Nacional de Geologia y Mineria) in October, 2003, under the sponsorships of Codelco-Chile and 
the Chilean Geological Society, He was the Society of Economic Geologists “Distinguished 
Lecturer” for the year 2000. He ts affiliated with the Chilean Geological Society, the Society of 
Economic Geologists (SEG) and the Chilean Institute of Mining Engineers. 


Contact details: Codelco-Chile, Huérfanos 1270, Santiago, Chile, 
E-mail: FCamus@codelco.cl 


Sterling S. Cook has spent twenty-five years mapping, drilling, and modelling porphyry copper 
deposits in the U.S., Mexico, Peru and Thailand. He has worked for several major mining companies 
including Noranda, Phelps Dodge and ASARCO doing exploration and mine development work. 
He also spent three years at the U.S. Bureau of Mines working on in-situ mining and other advanced 
mining technologies. His special interest in supergene enrichment began in the early 1980's when 
he was mapping the geology of the Lakeshore underground copper mine. This interest led him to 
compiete an M.S. degree from the University of Oregon and a Ph.D. from the University of Arizona. 
He has been employed as the Senior Geologist at the Ray open pit copper mine in south central 
Arizona for the past five years. 


Contact details: E-mail: SCook@ASARCO.com 


ds a 


———— RE DRE RU REN RR RR E m0 


278 Biographies 


Alej andro Faunes graduated from the Schoo! of Geology at the University of Chile in 1981. 
The subject of his thesis was the El Teniente ore deposit. He started his career participating in th 
exploration stage of the La Escondid j i im 4 
g a porphyry copper project, Until 1986 he was also involved 
in precious metal exploration projects in the El Indio district and the gold-silver Choquelimpie 
district, and in exploration and evaluation of porphyry copper-molybdenum deposits in the Sierra 
Gorda district, He was subsequently employed as a mine geologist at Chuquicamata were he 
stayed until 1990, before leaving to accept the position of Geology Superintendent in the design 
construction, start-up, operation, strategic planning and control of the Los Pelambres Mine. In 
this latter position he was responsible for the Geology Feasibility Study of the Los Pelambres 
Expansion Project. He returned to Chuquicamata in 1997 and stayed until 2004, becoming Geology 
Superintendent, responsible for geological and ore resource models, the production geology and 
geological investment projects in all the mines of the Codelco Norte Division, specifically: RT 
(190 Ktpd), Chuquicamata (170 Ktpd) and Mina Sur (30 Ktpd). In 1989 he was awarded an MBA 
by the Faculty of the School of Management at the Catholic University of Chile. He received his 
Professional Certification as Project Manager Professional (PMP) in 2000. At present he is a 
consultant in the geological and mining industry. 


Contact details: Phone +56 2 474 3648, E-mail: afaunes@vtrnet 


Eric Lipten is Superintendent of Geology at Compania Mineria Antamina S.A., Peru. He received 
his BSc in Geology from Southern Illinois University, USA (1979), and a MS in Geology from 
Purdue University, USA (1984). After serving four years in the United States Air Force, he has 
been involved in exploration in West Africa, Brazil and Nevada (US). From 1990-1996 he worked 
in development and production mine geology in various gold deposits in Nevada and the startup of 
Yanacocha in Peru. He has worked as a consultant with MRDI in San Mateo, California on 
various deposits worldwide. He joined Compania Mineria Antamina in June, 1999, becoming 
Superintendent of Geology in October of 2000. He is committed to the development of national 
staff to the highest technical levels within the industry and optimising the economic return of 
mining projects as rapidly as possible utilising best work practices. 


Contact details: Compania Minera Antamina S.A., Av. La Floresta 497 - 4th Piso, Urb. Chacarilla - 
San Borja, Lima 41 - Peru. E-mail: elipten@antamina.com 


Brent [an Alexander McInnes leads CSIRO Exploration and Mining's Discovery 
Technology Theme and is a Senior Research Fellow at Curtin University in Western Australia. He 
has 20 years experience in applying geochemistry to ore genesis studies and is internationally 
known for his work on subduction zone systematics, Cu-Au metallogeny, and Re-Os and U-Tiv 
He isotope dating techniques. Brent received BSc and MSc degrees from McMaster University, a 
PhD from the University of Ottawa, and held a postdoctoral fellowship at the California Institute 
of Technology. He is a Fellow of the Society of Economic Geologists and holds the position of 
Regional Vice-President for Australasia. He has studied super porphyry deposits in Chile, Indonesia, 
Iran, Pakistan and Papua New Guinea. He has led international oceanographic investigations in 
the SW Pacific and contributed to the discovery of several new volcanoes containing Au 
mineralisation and arc mantle xenoliths. He was co-recipient of the 2002 CSIRO Chairman’s 
Gold Medal, the highest and most prestigious award offered by the organisation. 


Contact details: CSIRO Exploration and Mining, PO Box 1130, Bentley, WA, 6102, Australia 
E-mail: brent.mcinnes@csiro.au 


Principal Authors 279 


Glenton J. Masterman completed a B.Sc.(hons.) at the University of Melbourne in 1993, 
From Melbourne he moved to Western Australia (WA) and commenced employment as an 
exploration and mine geologist with WMC Resources at Kambalda Nickel Mines. In 1996, he 
joined Goldfields Exploration Ltd., Kalgoorlie as project geologist. Between 1996 and 1999, he 
coordinated exploration and definition of the Safari orogenic lode Au deposit in the Northeastern 
Goldfields, WA. Masterman commenced a PhD at the Centre for Ore Deposit Research (CODES), 
University of Tasmania in 1999. His research focused on the structural and geochemical evolution 
of epithermal Cu-Ag-Au and porphyry Co-Mo mineralisation in the Collahuasi district, northern 
Chile. During his doctoral study, Masterman and co-author David Cooke investigated geological 
settings that promoted telescoping of epithermal veins onto porphyry systems and the mechanisms 
of forming large, high-grade hypogene porphyry Cu deposits. In 2003, Masterman joined the 
pmd*CRC/University of Melbourne 2s a senior research fellow where he was embedded with 
Placer Dome Asia Pacific to carry out applied exploration research in the Eastern Goldfields of 
WA. This work focused on the definition and interpretation of geochemical and alteration mineral 
patterns that reflect chemical gradients related to deposition of high Au grades at the Kanowna 
Belle, Mt Pleasant, and Wallaby gold camps, WA. At present Masterman is Chief Geologist for 
Bolnisi Gold NL based in Chihuahua, Mexico. His current responsibilities include the generation 
and evaluation of epithermal projects throughout Mexico. 


Contact details: Bolnisi Gold NL, Calle Diego de Vilchis No. 3503, Col. San Felipe, 
C.P. 31240, Chihuahua, Chihuahua, México. E-mail: glen.masterman@bolnisigold.com.mx 


William J. McMillan (PhD, PEng) commenced his career during the 1960s, initially working 
with industry on skam and VMS deposits on Vancouver Island, molybdenum porphyries in the 
Athn area, and lead-zinc deposits north of Kimberley, all in British Columbia, Canada. From 
1969 to the 1980s, as a Project Geologist with the British Columbia Ministry of Energy, Mines and 
Petroleum Resources, he was mainly responsible for detailed geological mapping and mineral 
deposit studies in two porphyry copper districts (the Highland Valley and Taseko Lakes areas) and 
mapping in the Nicola island arc volcanic rocks near Merritt. He also worked on the Chu Chua 
volcanogenic massive sulphide deposit in the Adams Plateau region. Later, as Manager of the 
Ministry’s regional bedrock mapping program, he also visited most of the other porphyry deposits 
in the province, He was on the Editorial Boards and contributed papers to both the 1976 and 1995 
CIM volumes that describe porphyry deposits in the Canadian Cordillera, has authored or co- 
authored a number of overview papers on mineral deposits in the Canadian Cordillera, led many 
mineral deposit tours and prepared associated guidebooks, and coordinated and contributed to the 
popular Ore Deposits, Tectonics and Metallogeny of the Canadian Cordillera volume. 


Contact details: E-mail: wtmemillan@telus.net 


Charles H. Phillips attended the University of New Mexico in Albuquerque to obtain both a 
B. S. and M.S. in geology. His major positions were with Kennecott/Rio Tinto (formerly Kennecott 
Copper Corp.) as Chief Geologist at the Ray, Arizona mine; Manager of Mine Development for the 
Kennecott ocean nodule project, Staff Geologist for Kennecott and Chief Geologist at the Bingham 
Canyon open pit. Employment with Kennecott spanned the years 1964 to 1982 and again 1988 to 
1998. From 1982 to 1988, consulting projects included work on porphyry copper exploration in 
Chile, the Lihir gold project, the Kennecott Safford deposit, various silver veins in Colorado, gold 
deposits in Nevada, the Missouri lead deposits, gold placers in the Green River of Utah and the 
Puerto Rican copper deposits. He contributed importantly to expansion of the Ray deposit, 
recognition of Copper Butte in Arizona as a large strata bound exotic deposit, solution of sampling 
problems in the ocean mining project, discovery of the Star Pointer gold deposit in Nevada and 
development of additional reserves and resources at Bingham Canyon. 


Contact details: 4821 Fortuna Way, Holladay, Utah, 84124, USA, 
E-mail: chaphillips@lgcy.com 


280 Biographies 


T.Mike Porter completed a BSc Honours in Economic Geology at the University of Adelaide, 


South Australia in 1968. He is currently the Principal of Porter GeoConsultancy Pty Ltd, which 
specialises in arranging and leading professional development courses as the “International Study 
Tour” series which take industry geologists to mineral deposits and districts around the world. 
This has taken him to more than 250 of the worlds more significant ore deposits. He has also been 
responsible for designing and arranging the technical program of two major conferences and 
planning, inviting papers and editing the two “Hydrothermal Iron Oxide Copper-Gold and Related 
Deposits: A Global Perspective” volumes. Prior to establishing his own company in 1996, he 
worked as an exploration geologist with CRA Exploration Pty Limited for more than 27 years. In 
this capacity he was involved in exploration for a range of base and precious metals, in a wide 
variety of geologic and geographic settings, both in Australia and overseas. He worked in the 
position of Chief Geologist from 1984 to 1996, principally in conceptual work, information synthesis 
and project generation, particularly from 1990. This included visits to over 150 significant base, 
ferrous and precious metal ore deposits on all continents, and subsequent research on their regional 
and local setting. 


Contact details: Porter GeoConsultancy Pty Ltd, 6 Beatty Street, Linden Park, SA, 5065, Australia; 
Phone & Fax: +61 8 8379 7397; Email: mike.porter@portergeo.com.au 


Jeremy Richards isa professor ofeconomic geology at the University of Alberta, Canada. He 
received his BA in geology from Cambridge University, UK (1983), an MSc from the University 
of Toronto, Canada (1986), and a Ph.D. from the Australian National University (1990). After 
holding a post-doctorate fellowship at the University of Saskatchewan from 1990 to 1992, he was 
appointed lecturer at the University of Leicester, UK, before leaving to join the University of 
Alberta in 1997. His research interests and activities have focused on the genesis of hydrothermal 
mineral deposits, but with a broad perspective covering aspects as diverse as regional tectonic and 
magmatic controls on mineralization, volcanology, and detailed ore depositional mechanisms. He 
has investigated the formation of various types of ore deposit, including sediment-hosted, vein- 
type, and porphyry-type copper, and mesothermal and epithermal gold mineralization. His current 
research involves the study of regional controls on porphyry copper and polymetallic epithermal 
mineralization in northern Chile, Argentina, Iran, and Turkey. In addition to these interests, he has 
a strong commitment to sustainable development principles as applied to the minerals industry. 


Contact details: Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, 
Alberta T6G 2E3, Canada. E-mail: Jeremy.Richards@UA Iberta.ca 


Alexandra Skewes obtained a professional degree from the University of Chile and a Ph.D. 
from the University of Colorado, Boulder. She works both as a consultant for mining and exploration 
companies and as a Research Associate at the University of Colorado. Her interests are the relations 
between metallogenesis, magmatism and tectonics at convergent plate boundaries, particularly 
the Andes. Her research and consulting work integrate field geology, petrology, fluid inclusion, 
stable isotope and other geochemical techniques in order to understand the genesis of hydrothcrmal 
ore deposits, such as copper breccia and porphyry, Au-Ag epithermal, copper stratabound and iron 
deposits. 


Contact details: Department of Geological Sciences, University of Colorado, Boulder, CO 
80309-0399, USA . E-mail: Skewes@colorado.edu, and 
Casilla 55-Correo 52, Barnechea, Santiago, Chile. E-mail: alexskewes@yahoo.com 


Charles Stern is professor of igneous petrology, geochemistry and volcanology at the University 
of Colorado-Boulder. He became engaged in research concerning the magmatic evolution of the 
southern Andes of Chile and Argentina as a post-doctoral research scientist at Lamont-Doherty 
Geological Observatory of Columbia University, after obtaining his Ph.D. at the University of 
Chicago. 


Contact details: Department of Geological Sciences, University of Colorado, Boulder, CO 
80309-0399, USA. E-mail: stcrmc@buffmail.Colorado.edu 


‘ A 1 
gg تلا‎ A —— — — in A A 3 x " np esque S Vr ccce TEE 


nan © Pe no e © 


— a — - سس‎ » 
ms 


> Sa. سس‎ 


-— “mk mm 


